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Legal Notice
This report was prepared as a result of work sponsored by the California Energy Commission
(Commission, Energy Commission). It does not necessarily represent the views of the
Commission, its employees, or the State of California. The Commission, the State of California,
its employees, contractors, and subcontractors make no warranty, express or implied, and
assume no legal liability for the information in this report; nor does any party represent that the
use of this information will not infringe upon privately owned rights. This report has not been
approved or disapproved by the Commission nor has the Commission passed upon the
accuracy or adequacy of this information in this report.

Pacific Gas and Electric Company prepared this report. Neither Pacific Gas and Electric
Company nor any of its employees and agents:

Make any written or oral warranty, expressed or implied, including, but not limited to those
concerning merchantability or fitness for a particular purpose.

Assume any legal liability or responsibility for the accuracy, completeness, or usefulness of
any information, apparatus, product, process, method, or policy contained herein.

Represent that its use would not infringe any privately owned rights, including, but not
limited to, patents, trademarks, or copyrights.
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Preface
The Public Interest Energy Research (PIER) Program supports public interest energy research
and development that will help improve the quality of life in California by bringing
environmentally safe, affordable, and reliable energy services and products to the marketplace.

The PIER Program, managed by the California Energy Commission (Commission), annually
awards up to $62 million through the Year 2001 to conduct the most promising public interest
energy research by partnering with Research, Development, and Demonstration (RD&D)
organizations, including individuals, businesses, utilities, and public or private research
institutions.

PIER funding efforts are focused on the following six RD&D program areas:

•  Buildings End-Use Energy Efficiency

•  Industrial/Agricultural/Water End-Use Energy Efficiency

•  Renewable Energy

•  Environmentally-Preferred Advanced Generation

•  Energy-Related Environmental Research

•  Strategic Energy Research.

In 1998, the Commission awarded approximately $17 million to 39 separate transition RD&D
projects covering the five PIER subject areas. These projects were selected to preserve the
benefits of the most promising ongoing public interest RD&D efforts conducted by investor-
owned utilities prior to the onset of electricity restructuring.

What follows is the final report for the Regional Ambient Air Study project, one of nine projects
conducted by Pacific Gas and Electric Company. This project contributes to the Energy-Related
Environmental Research program.

For more information on the PIER Program, please visit the Commission's Web site at:
http://www.energy.ca.gov/research/index.html or contact the Commission's Publications
Unit at 916-654-5200.
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Executive Summary
National and State standards for air quality have been established for both particulate matter
(PM) and ozone (O3). Standards for PM and O3 are routinely exceeded within California’s San
Joaquin Valley and ozone standards are exceeded within the San Francisco Bay area.

To understand air quality problems in the San Joaquin Valley and provide tools for equitable
and cost-effective air quality planning and decision-making, air quality studies have been in
place since the mid-1980s. Continuation of this early work is being performed in the ongoing
California Regional PM10/PM2.5 Air Quality Study (CRPAQS).

The main objective of the CRPAQS is to improve the scientific understanding of the PM10/PM2.5

problem in Central and Northern California. This includes a better quantification of emissions;
a better understanding of the chemistry and physics involved in the transport, formation and
removal of atmospheric PM10/PM2.5; and an improvement in the characterization of the
meteorological conditions conducive to high PM10/PM2.5 concentrations. The final product of
the CRPAQS project will be the development of a state-of-the-art, regional PM10/PM2.5

modeling system that will allow air agencies in central and northern California to develop
technically sound air quality management plans to comply with PM10/PM2.5 state and national
ambient air quality standards.

Pacific Gas & Electric (PG&E) has been providing technical and financial support to this air
quality control effort since 1988. California Energy Commission funding has allowed PG&E to
continue to provide technical contributions to the CRPAQS. Regional Ambient Aerosol Studies,
the project addressed by this report, is the name for PG&E’s research and development (R&D)
project initiated to complement and assist CRPAQS. This report addresses the effort performed
from January 1998 through September 1999.

The original objectives outlined in PG&E’s proposal to the California Energy Commission
include:

•  Provide high-level scientific expertise to CRPAQS in areas such as field studies design,
planning of CRPAQS, and critical review of technical documents.

•  Continuing to serve as the project manager for the 1995 Integrated Monitoring Study
(IMS 95).

•  Continue PG&E’s participation in CRPAQS’s technical and policy committees.

•  Disseminate scientific information through the participation in scientific workshops and
conferences and the publication of technical papers in the peer-reviewed literature.

High-Level Scientific Expertise (Sections 2.0, 3.2 and 3.4)

Objective:

•  Provide high-level scientific expertise to CRPAQS and the Central California Ozone
Study (CCOS) in areas such as field studies design, planning of CRPAQS, and critical
review of technical documents. PG&E and contractor Atmospheric and Environmental
Research (AER) provided high-level scientific expertise to CRPAQS throughout this
project. High-level scientific expertise was provided in six main areas. The objectives,
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outcomes and recommendations for specific efforts are provided briefly in the
following; summaries of the resultant technical reports are provided in Section 2.0 of
this report; complete copies of these reports are found in Appendix I.

Conceptual Model of Particulate Matter Pollution in the California San Joaquin Valley
(Section 2.1)

Objective:
•  To formulate a conceptual model for fall and winter PM concentrations in the San

Joaquin Valley using primarily the information obtained during the 1995 Integrated
Monitoring Study.

Outcome:

•  A conceptual model for fall and winter PM concentrations in the San Joaquin Valley,
using the data gathered during the 1995 Integrated Monitoring Study, was developed.
This model provides a better balance between meteorological and chemistry
considerations in the analyses of PM episodes than previously developed models,
allowing for increased accuracy in modeling PM concentrations.

Recommendations were made to the CRPAQS:

•  Develop a better understanding of oxidant chemistry for the fall and winter seasons in
the San Joaquin Valley to confirm important nitrate formation reactions (an important
issue in the evaluation of the environmental impacts from the operation of NOx-emitting
fossil fueled electric power plants).

•  Further investigate nitrogen oxides/volative organic compound/oxidant chemistry to
confirm for the San Joaquin Valley methods to control acid formation effectively.

•  Conduct further study of secondary organic aerosols from urban area anthropogenic
(man-made) emissions and the atmospheric reactions of biogenic (natural) compounds.

•  Research the source of fog buffering capacity and sensitivity to precursors of ambient
ozone measurements at the parts per billion level.

Conceptual Model of Ambient Ozone Pollution in the California San Joaquin Valley
(Section 2.2)

Objective:
•  To develop a conceptual model for O3 formation, transport, and accumulation in the

California San Joaquin Valley primarily using the information obtained during the San
Joaquin Valley Air Quality Study and the Atmospheric Utility Signatures, Predictions
and Experiments programs of 1990.

Outcomes:

•  A conceptual model, incorporating the physical dynamics and chemistry of O3

formation in the San Joaquin Valley, was developed.

•  Two major causes of high levels of O3 concentrations in the San Joaquin Valley were
identified: transport of O3 and its precursors from upwind areas such as the San
Francisco Bay area led to high O3 levels in the northern valley; and emissions of
precursors, mixing, and atmospheric reactions within the valley led to high O3 levels
downwind of urban areas such as Fresno and Bakersfield. These findings help
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conceptualize the physical dynamics and chemistry of O3 formation in the San Joaquin
Valley.

Recommendations made to CCOS:

•  Investigate further the volatile organic compounds/nitrogen oxide sensitivity issue,
under differing meteorological conditions, to confirm model conclusions.

•  Build an understanding of the source-receptor relationships to address O3 at rural
receptor sites.

•  Use temporal variations at polluted rural sites as the subject of a modeling investigation.

•  Perform model investigations to determine the O3 sensitivity of the region to volatile
organic compounds and nitrogen oxide with respect to an eight-hour standards
measurement, to confirm the efficacy of control measures designed to reduce the
maximum one-hour average concentration.

•  Continue efforts to provide better emissions estimates for mobile, biogenic, oil
production, and un-inventoried sources. This will allow models to be better applied to
understand the relative importance of these precursor sources to O3 production in the
San Joaquin Valley.

1995 Integrated Monitoring Study: Assessment of Mathematical Models and Associated
Data Needs (Section 2.3)

Objectives:

•  Assess the ability of existing mathematical models to represent PM formation.

•  Identify gaps in current knowledge and needs for model improvement.

•  Recommend specific tasks for future field measurements, data analyses, and model
performance evaluation to be performed under CRPAQS.

Outcomes:

•  Assessed the ability of existing mathematical models and formulated a conceptual
model for the formation of PM in the San Joaquin Valley based on the observations and
analyses of data from the 1995 Integrated Monitoring Study project.  Used this model to
evaluate current PM air quality models, particularly the SARMAP air quality model.
(SARMAP is the San Joaquin Valley Air Quality Study [SJVAQS]/Atmospheric Utility
Signatures, Predictions and Experiments [AUSPEX] Regional Modeling Adaptation
Program.)

•  Identified gaps in current knowledge and specific tasks necessary for model
improvement.

•  Identified tasks necessary for the execution and evaluation of the source model, data
required as inputs for the PM air quality model, and ambient concentrations and fluxes
of PM and precursors needs to evaluate model performance. Provided
recommendations to CRPAQS. See Table 5 for details.
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Assessment of the SARMAP Meteorological Model/SARMAP Air Quality Model for
Modeling Ozone Formation in the San Joaquin Valley (Section 2.4)

Objectives:

•  Assess the ability of the SARMAP Mesoscale Model (MM5)/SARMAP Air Quality
Model (SAQM) to represent O3 formation processes

•  Document the processes that are not well represented in the mathematical modeling
system and recommend tasks for mathematical model improvement

•  Identify gaps in current knowledge and recommend specific measurements and data
analysis tasks.

Outcomes:

•  MM5/SAQM modeling system was demonstrated to represent, in principle, the key
features of the conceptual model for O3 formation in the San Joaquin Valley.

•  Specific areas for model development improvement were identified for MM5 and
SAQM.

Recommendations made to CCOS:

•  Perform modeling studies to elucidate the sensitivities of O3 to its precursors at different
locations where the eight-hour standards are expected to be exceeded.

•  Perform modeling studies to investigate the zones of influence of emission sources due to
long-range aloft transport.

•  Improve MM5 by methods identified in the report including the reduction of numerical
diffusion by the use of better algorithms, and the use of a full radiation scheme.

•  Improve SAQM by methods fully identified in the report including the implementation of
advanced sub-grid-scale treatment of plumes, evaluation of the performance of the dry
deposition modules, and the resolution of vertical transport inconsistencies.

Comments on Field Program Plan for the California PM2.5/PM10 Air Quality Study (Section
2.5)

Objective:
•  Review and determine the adequacy of the conceptual model for PM formation in the

San Joaquin Valley.

Outcomes:

•  The conceptual model for PM formation was reviewed and found adequate for
CRPAQS's purposes.

Recommendations made to CRPAQS:

•  Perform direct measurements of dry deposition fluxes by the eddy correlation technique
over a variety of land-use types for both PM and precursor gases to complete the
understanding of major fluxes in the San Joaquin Valley system

•  Include additional upwind boundary air chemistry measurements.

•  Perform air chemistry measurements of radicals during the field monitoring program.

•  Perform air chemistry measurements aloft during the field monitoring program.
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Sensitivity of PM Nitrate Formation to Precursor Emissions in the California San Joaquin
Valley (Section 2.6)

Objectives:

•  Develop a box model that includes atmospheric chemistry and gas/particle
thermodynamics to simulate wintertime PM formation

•  Use the box model to study the sensitivities of oxidants and PM to precursors

•  Investigate the use of photochemical indicators to predict the sensitivity of wintertime
PM formation.

Outcomes:

•  Developed and used a box model to investigate the response of PM nitrate to reductions
in precursor emissions within the San Joaquin Valley.

•  The formation of nitric acid and particulate nitrate was found to be sensitive to oxidants
and to volatile organic compound emissions during the fall and winter.

Recommendations:

•  In evaluating the environmental impacts of NOx emissions, attention must be given to
the potential impact of reduced NOx emissions on possible increases in ambient ozone
and particulate nitrates in various Central and Northern California locations.

•  Benefits of NOx controls to reduce ambient ozone in some locations must be weighed
against potential disadvantages of increased particulate PM nitrates.

Critical Review of Technical Documents

Objective:

•  Provide high-level scientific expertise to CRPAQS in areas such as critical review of
technical documents.

Outcomes:

•  The Integrated Modeling Study 95: Assessment of Mathematical Models and Associated
Data Needs (Appendix III) presents detailed critical review of numerous technical
documents.

•  Development of the Conceptual Model of Particulate Matter Pollution in the California
San Joaquin Valley was partially based on critical review of documentation of other
conceptual models. Summaries of these reviews are provided in Appendix I and II.

•  Assessment of MM5/SAQM for Modeling Ozone Formation in the San Joaquin Valley
included the critical review of relevant technical documents.

1995 Monitoring Study Project

Objectives:

•  Documentation of 1995 Integrated Monitoring Study.

Outcomes:

•  Completion of the 1995 Integrated Monitoring Study Overview Report documenting the
key study elements and findings. (The final report is provided in Appendix III.)
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CRPAQS Technical and Policy Committee Participation (3.3)

Objective:
•  Continue PG&E’s participation in CRPAQS’s technical and policy committees.

Outcomes:

•  Participated in the design and planning of the Central California Ozone Study (CCOS)
as it evolved. This study was undefined when the proposal for this contract was
submitted. It became a significant part of PG&E's effort as the contract progressed.

•  Identified gaps in current knowledge including the volatile organic compounds or
nitrogen oxide sensitivity of the oxidant system in the San Joaquin Valley; the rates of
photolysis reactions in fog; the details of secondary organic aerosols formation; the
source of fog buffering in some urban areas; and, the transport processes responsible for
the regional distribution of pollutants under calm conditions.

•  Identified needs of model improvement in areas of development and testing including
the incorporation of a detailed aqueous-phase chemical mechanism, improved
treatment of secondary organic aerosols, and the resolution of dry deposition prediction
variances by air quality models.

•  Supported the California Energy Commission in their decision to provide $3 million in
funding to support the Central California Ozone Study.

Recommendations:

•  Owners of existing and proposed new electric power plants within Central and
Northern California need to understand the unique atmospheric chemical reactions
occurring within power plant plumes aloft and the need for special treatment of these
plumes through enhanced plume-in-grid modules in atmospheric modeling when
evaluating the impact of nitrogen oxide (NOx) emissions from their facilities.

Disseminate Scientific Information (Sections 3.1 and 3.5)

Objective:
•  Disseminate scientific information through participation in scientific workshops and

conferences and the publication of technical papers in peer-reviewed literature.

Outcomes:

•  A team member (Paul Solomon) co-authored and published a paper, “Modeling the
Effects of Emission Changes on PM2.5 Using the UAM-AERO Model in the South Coast
Air Basin,” in the Proceedings of the PM2.5 Conference in January 1998.

•  Nine articles written as part of the 1995 Integrated Monitoring Study are scheduled for
upcoming publication in a special issue of Atmospheric Environment, a premier air
pollution peer-reviewed publication. One of these articles, "Understanding Particulate
Matter Formation the Central San Joaquin Valley: Conceptual Model and Data Needs",
was authored by AER.

•  The article, "Ozone Formation in the California San Joaquin Valley: A Critical
Assessment of Modeling and Data Needs", authored by Pun et al, has been submitted
for publication in the Journal of Air and Waste Management.
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Summary

PG&E and contractor AER used conceptual models to study the formation of both ozone and
PM observed in prior air quality studies to build understanding about the formation of ozone
and PM. From this, various air quality models were evaluated, predictions were made about
PM nitrate formation, and recommendations were made about data needs and specifications
for upcoming field studies.

A number of issues and concerns related to atmospheric ozone chemistry were linked to PM
chemistry and vice versa. Specifically, emissions of nitrogen oxide played an important role in
both the formations of ozone and PM nitrates. It was observed that changes in nitrogen oxide
and volatile oxygen compounds emissions to effect a reduction in summertime ozone may be
counterproductive to wintertime PM nitrates.

In addition, the importance of emissions aloft and their long-range transport were delineated
compared to ground level emission. These two issues are critical to existing and planned fossil-
fueled electric power plants in Central and Northern California. Ambient concentrations of
ozone and PM both exceeding various ambient air quality standards in the Valley cause air
regulatory agencies to focus on optimum control strategies to achieve attainment for both
pollutants.

The importance of understanding unique atmospheric chemical reactions occurring within
power plant plumes aloft was identified and special treatment of these plumes through
enhanced plume-in-grid modules in atmospheric modeling was recommended. In addition, the
discussion about aloft transport of emissions and the need for adequate boundary
environmental data in upcoming field studies was well received by study planners and
managers. Tracer releases during 1990 from Pittsburg, California provide evidence that
emissions from tall upwind point sources may affect air quality as far downwind as the
southern San Joaquin Valley. Fourteen percent of the tracer mass was detected at the surface in
the southern part of the San Joaquin Valley the morning after the tracer release. Due to the
possibility of long-range aloft transport, it was recommended for the source model that the
mesoscale domain include upwind metropolitan areas such as the San Francisco Bay Area,
Monterey, and San Luis Obispo.

After the California Regional PM10/PM2.5 Air Quality Study and the Central California Ozone
Study field monitoring are executed, the resulting air quality models for ozone and PM should
be able to more accurately address emissions from power plants as a result of many of the
recommendations provided. Opportunities for inter-pollutant trade-offs related to new
facilities, i.e., power plants, need to be carefully evaluated as project proponents negotiate to
trade nitrogen oxide emissions for PM emissions, nitrogen oxide missions for volatile oxygen
compounds emissions, vice versa, or with other combinations.

In summary, PG&E has been a supporter of knowledge-based research to further the
understanding of important air quality issues in Central and Northern California since 1988.
California Energy Commission funding to continue PG&E’s involvement in the Regional
Ambient Air Study (RAAS) has allowed PG&E to continue to support these studies,
representing not only PG&E’s goal to support improved quality of life issues (improved air
quality) within its service territory to support its customers, shareholders, and employees
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residing in the area, but also representing the fossil fueled power generation industry in Central
and Northern California. PG&E supports the California Energy Commission in their recent
decision to provide funding in support of the Central California Ozone Study. PG&E
recommends that the new owners and operators of planned and existing power plants within
the area understand the relevance and importance of the CCOS and CRPAQS to their continued
operation of their power production facilities. Support of this study will help ensure that
optimum ozone and PM control strategies are adopted in the future that will not
disproportionately affect the interests of power producers. In addition, air quality models
created in the Central California Ozone Study will be invaluable in the review of existing and
proposed fossil fuel power plants.



9

Abstract

Under the Regional Ambient Aerosol Studies (RAAS) project, Pacific Gas &
Electric (PG&E) continued to provide technical expertise to the ongoing
California Regional PM10/PM2.5 (particulate matter in the 2.5 to 10 micrometer
size range) Air Quality Study (CRPAQS). Early on in the project, the
complementary Central California Ozone Study (CCOS) emerged. This ozone
study dovetails into the particulate matter study by optimizing similar
measurements and resources used in conducting CRPAQS.

 This RAAS project supports the Public Interest Energy Research (PIER) program
objective of improving the environmental and public health costs and risks of
California’s electricity. It focused on improving scientific understanding of the
PM10/PM2.5 problem in northern and central California, particularly on
quantification of emissions, the chemistry and physics involved in transport of
PM, the formation and removal of PM10/PM2.5, and characterization of the
meteorological conditions conducive to high PM10/PM2.5 concentrations.
Findings include evidence that particulate matter (PM) in the 2.5 micrometer (µm)
range tends to result from combustion processes including electric generating
technologies, while PM in the 10 µm range results from sources such as windblown dust
or seasalt.

 In addition, the evolution of CCOS allows for the study and understanding of
ambient ozone in the same study area.

 PG&E and its subcontractor participated in technical and policy discussions
related to CCOS and CRPAQS, revised and commented on technical documents
prepared for the study, and participated in research activities culminating in
technical papers presented at conferences; publication of technical papers.

Other activities included documentation of a 1995 field research program, and
preparation of nine individual technical reports addressing conceptual models for
ozone and particulate matter formation in the central California region.

Of particular importance are the needs to:

•  perform specific power plant plume-in-grid modules in atmospheric
modeling for ozone,

•  build a better understanding of oxidant chemistry for the fall and winter
seasons to understand particulate nitrate formation reaction,

•  further investigate through modeling the relative roles of oxides of nitrogen
and volatile organic compounds in forming ambient ozone and nitric acid in
the study area, and

•  build an understanding of source-receptor relationships to address 8-hour
ozone concentrations in rural receptors sites.
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1.0 Introduction
The U.S. Environmental Protection Agency (EPA) and the California Air Resources Board have
each promulgated Ambient Air Quality Standards (AAQS) for particulate matter (PM) and
ozone (O3). Both the state and national AAQS for PM and O3 are routinely exceeded within the
San Joaquin Valley. Ozone standards are exceeded within the San Francisco Bay Area.

To understand air quality problems in the San Joaquin Valley and provide tools for equitable
and cost-effective air quality planning and decision-making, air quality studies have been in
place since the mid-1980s. The San Joaquin Valley Air Quality Study (SJVAQS) was begun in
the mid-80s. In 1988, Pacific Gas & Electric (PG&E) joined in collaboration with the SJVAQS
team through its own Atmospheric Utility Signatures, Predictions and Experiments (AUSPEX)
project. These projects took part in a massive field study in 1990 and supported the SJVAQS,
AUSPEX Regional Modeling Adaptation Program (SARMAP), which performed data analysis
of the field data and development of a regional model. In 1994, work in the SARMAP program
resulted in a model to predict ambient ozone.

Central California is a complex region from an air quality and meteorological perspective,
owing to its proximity to the Pacific Ocean, its diversity of climates, and its complex terrain.
Within central California, the San Joaquin Valley Unified Air Pollution Control District
(SJVUAPCD) and the Great Basin Air Pollution Control District (GBAPCD) have been
designated to be in serious non-attainment of the 1987 National Ambient Air Quality Standards
(NAAQS) for PM and are required to implement emissions reduction measures. Although the
area administered by the Bay Area Air Quality Management District (BAAQMD) has not been
designated as non-attainment, measured 24-hour PM10 (suspended particles with aerodynamic
diameters less than 10 µm) concentrations in San Jose have exceeded 150 micrograms per meter
cubed (µg/m3). Reduced visibility in the Mojave Desert, and even in the Grand Canyon, has
been attributed, at least in part, to PM2.5 (suspended particles with aerodynamic diameters less
than 2.5 µm) exiting the San Joaquin Valley through the Tehachapi Pass.

Summer ozone air pollution is a serious problem in the California San Joaquin Valley. With the
exception of the Los Angeles area, the San Joaquin Valley records some of the highest O3

concentrations in the United States. For example, between 1984 and 1986, the San Joaquin
Valley exceeded the National Ambient Air Quality Standard (120 parts per billion, averaged
over one hour) an average of 75 times per year. In 1997, the EPA established a new eight-hour
running average NAAQS for O3 of 80 parts per billion (ppb), which was remanded on May 14,
1999. Based on the data from the O3 episodes during SJVAQS/AUSPEX, several sites in the San
Joaquin Valley are out of compliance with the proposed eight-hour O3 NAAQS (Chow et al.,
1998). Within the San Francisco Bay Area, attainment of the federal ozone standard was
achieved through formal EPA designation in 1995 for the years 1990 to 1994. However, the area
was redesignated to non-attainment in 1997 after numerous exceedances of the one-hour ozone
NAAQS occurred in 1995 and 1996.

California Energy Commission funding for the Regional Ambient Aerosol Studies (RAAS)
project has allowed PG&E to continue with important technical contributions in the California
Regional PM10/PM2.5 Air Quality Study (CRPAQS). The original specific activities outlined in
PG&E’s proposal to the Commission include:
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•  Continue PG&E’s participation in CRPAQS’s technical and policy committees

•  Continue to serve as the project manager for the 1995 Integrated Monitoring Study

•  Provide high-level scientific expertise to CRPAQS in areas such as field studies design,
planning of CRPAQS, and critical review of technical documents

•  Disseminate scientific information through the participation in scientific workshops and
conferences and the publication of technical papers in the peer-reviewed literature.

Early on, as PG&E continued with its involvement with CRPAQS, the Central California Ozone
Study (CCOS) project was developed to address areas of concern. PG&E expanded its role by
actively becoming engaged in the planning and review of CCOS as it continued in
development. PG&E has participated in these studies since 1988 using funding sanctioned by
the California Public Utilities Commission (CPUC) for research and development (R&D)
projects related to power production facilities. When the CPUC transferred the management
and control of public utilities’ R&D funds to the California Energy Commission, starting in
1998, PG&E successfully bid to the Commission for funding to continue and maintain
involvement in the central and northern California air quality studies. This report describes the
work conducted under this funding during 1998 and 1999.

1.1 Ambient Air Quality Standards

National Ambient Air Quality Standards for Particulate Matter

The U.S. Environmental Protection Agency promulgated NAAQS for PM on July 18, 1997.
These standards were remanded back to the courts on May 14, 1999; and are currently
undergoing another round of procedural review. The proposed standards pertain to particles
with aerodynamic diameter of less than 10 µm (PM10) and those with aerodynamic diameter of
less than 2.5 µm (PM2.5). Before the most recent remanding action, the standards were set at:

•  Annual average PM10: Three-year arithmetic average of the annual arithmetic average PM10

concentrations not to exceed 50 µg/m3 at any monitoring site.

•  24-hour average PM10: Twenty-four hour average PM10 concentrations not to exceed 150
µg/m3 for a three-year arithmetic average of annual 99th percentiles at any monitoring site.

•  Annual average PM2.5: Three-year arithmetic average of the annual arithmetic average PM2.5

concentrations not to exceed 15 µg/m3 for a single community-oriented monitoring site or
the spatial average of eligible community-oriented sites.

•  24-hour average PM2.5: Twenty-four hour average PM2.5 concentrations not to exceed 65
µg/m3 for a three-year arithmetic average of annual 98th percentiles at any population-
oriented monitoring site.

California Ambient Air Quality Standards for Particulate Matter

The California Air Resources Board has established the following standards:

•  24-hour average PM10 concentrations not to exceed 50 µg/m3
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•  Annual geometric mean of PM10 concentrations not to exceed 30 µg/m3.

National Ambient Air Quality Standards for Ozone

The U.S. Environmental Protection Agency promulgated a new eight-hour NAAQS for ozone
on July 18, 1997, while maintaining the original one-hour ozone standard. The eight-hour
standard was remanded back to the courts on May 14, 1999; and is currently undergoing
procedural review. The National Ambient Air Quality Standards for ozone are:

•  One-hour average of 0.12 parts per million (ppm) for the fourth highest hourly average over
a three-year period

•  Eight-hour average of 0.08 ppm for the fourth highest eight-hour average over a three-year
period.

California Ambient Air Quality Standards for Ozone

The California Air Resources Board established the following standard for ozone:

•  One-hour average of ozone concentrations not to exceed 0.09 ppm.

1.2 Fossil Fuel Electric Power Plants within Central and Northern California
To complement the discussion of air quality issues within northern and central California and
to relate this report to electric power production, an inventory of existing and planned fossil
fueled powered plants was assembled. By and large, these power plants burn only natural gas.
Depending on their age, the power plants have varying emissions rates of nitrogen oxide (NOx)
and stack heights. The planned facilities have generally the lowest emission rates. The power
plants, especially the existing facilities, generally release their emissions through relatively tall
stacks within exhaust plumes that have considerable thermal buoyancy to rise in the
atmosphere. As noted later in this report, these emissions are differentiated from ground level
releases of NOx and behave differently in the atmosphere.

Existing Power Plants

Table 1 provides a list of large (greater than 100 megawatt) power plants sites located within
Central and Northern California, power plant production capacity and owner. Combined
power plant production capacity totals exceeds 6,000 megawatts (MW).

Table 1. Existing Central and Northern California Fossil Fuel Electric Power Plants

Power Plant Production Capacity Owner

Moss Landing Power Plant 1712 MW (operable) Duke Energy

Morro Bay Power Plant 1002 MW Duke Energy

Potrero Power Plant 207 MW Southern Energy

Delta Power Plants (Pittsburg and Antioch) 2682 MW Southern Energy

Hunters Point Power Plant 379 MW PG&E
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Humbolt Bay Power Plant 105 MW PG&E

Facilities less than 100 megawatts are not included in this list nor are gas turbines with low
stack heights. These power generating units, especially the newer, larger units, all have
relatively tall stacks compared to gas turbines, and thereby release emissions of NOx at elevated
levels (in contrast to ground level sources of NOx, such as automobiles). Four of the older 170
MW units still in occasional operation at Pittsburg, California, have relatively short stacks and
are predicted to experience plume downwash on occasion. There are other gas turbine and
combined cycle power plant facilities owned and operated by traditionally non-utility
companies including the Crockett co-generation facility, five GWF electric power generating
units in the Martinez to Antioch area, and facilities owned and operated by various oil
companies. Figure 1, originally presented by the Electric Power Research Institute (EPRI) in a
proposal to the California Energy Commission in 1998 (EPRI, March 30, 1998), displays existing
electric power production facilities.
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(Source: EPRI, 1998)

Figure 1. Locations of Northern and Central California Electric Utility and Co-generation Facilities
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Future Power Plant Sites

The California Energy Commission assembled a list (California Energy Commission, 1999) of
proposed electric generation project sites in California. Table 2 provides a listing of those sites,
power plant production capacity, and owner located within Central and Northern California.

Table 2. Proposed Central and Northern California Large Fossil Fuel Electric Power Plants

Power Plant Production Capacity Owner

Yuba City area, Sutter County 500 MW Calpine

Pittsburg, Conta Costa 500 MW ENRON

McKittick, Kern County 1043 MW PG&E Generation

Pittsburg, Contra Costa 880 MW Calpine & Bechtel

Fellows, Kern county 320 MW Texaco Global Gas & Power

Elk Hills, Kern County 500 MW Sempra & Oxy

Burney, Shasta County 500 MW Ogden Power Pacific

Santa Clara County 600 MW Calpine & Bechtel

Moss Landing Monterey County 1206 MW (repower) Duke Energy

Morro Bay, San Luis Obispo County 530 MW (repower) Duke Energy

Pasoria, Kern County 960 MW Tejon Ranch

Newark, Alameda County 600 MW Calpine & Bechtel

Midway-Sunset, Kern County 500 MW ARCO Western Energy

California City, Kern county 1000 MW AES

South San Francisco, San Mateo
County

550 MW AES

Kern County 400 MW Unknown owner

Kern County 400 MW Unknown owner

Yuba County 500 MW Unknown owner

San Francisco Bay Area 500 MW Unknown owner

San Francisco Bay Area 500 MW Unknown owner

The power plants listed in Table 2 have filing dates from 1997 through 2001.If all of the power
plants are built, an additional 12,489 MW of power production capacity will be added within
the region: 4130 MW added within the San Francisco Bay Area, 5123 MW in the Kern area of
the San Joaquin Valley, 1500 MW in the Sacramento Valley, and 1736 MW along the coast. The
height of the emission release is unknown for each of these facilities.
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1.3 Historical Perspective
The San Joaquin Valley Air Quality Study was established in the mid-1980s to understand air
quality problems in California’s San Joaquin Valley and to provide tools for equitable and cost-
effective air quality planning and decision-making. In 1988, PG&E joined in collaboration with
the SJVAQS through its own Atmospheric Utility Signatures, Predictions and Experiments
project, a PG&E-funded research and development project with similar goals. Electric Power
Research Institute, working in collaboration with PG&E, contributed approximately $6 million
to the air quality study effort over a number of years.

As part of the joint research program of SJVAQS and AUSPEX, a major field measurement
project was conducted in the summer of 1990. Field measurements were taken of
meteorological and air quality variables at more than 300 sites throughout Central California
from Sacramento to the Tehachapi mountains and from the Pacific Coast to the crest of the
Sierra Nevada. Measurements involved ground-based instrumentation, aircraft, remote
sensing, and balloon-borne instrumentation. Air quality measurements were obtained of ozone
concentrations, the concentrations of ozone precursor chemicals, and the concentration and
chemical composition of particulate matter. Meteorological quantities measured included
temperature, humidity, solar radiation, wind speed, and wind direction.

In addition to this larger study, a smaller field study of air quality in San Luis Obispo County
occurred. This study was performed under an Memorandum of Understanding between PG&E
and the San Luis Obispo County Air Pollution Control District. Results of this study were used
to augment the larger study and to evaluate the inter-basin transport of pollution with focus on
NOx emissions from the PG&E Morro Bay Power Plant (now owned and operated by Duke
Energy).

The SJVAQS/AUSPEX collaboration and the 1990 field measurement program have been
described comprehensively by Ranzieri and Thuillier (1994) and Solomon and Thuillier (1994).

Following the massive 1990 field study, SJVAQS joined with AUSPEX during the data analysis
and subsequent modeling. This phase of the program was the SJVAQS/AUSPEX Regional
Modeling Adaptation Program. In 1994, work within SARMAP resulted in a model to predict
ambient ozone. This model was used in the State Implementation Plan (SIP) process for
predicting ozone in later years within the San Joaquin Valley.

Near the conclusion of the SARMAP effort, interest developed within the San Joaquin Valley to
investigate ambient particulate matter following the path of the successful ozone study. This
study is called CRPAQS. An intensive field monitoring portion of this program is planned for
the fall and winter of 2000 starting in late 1999.

To assist in the planning of the massive 2000 PM study, the 1995 Integrated Monitoring Study
(IMS95), was conducted in the fall of 1995. IMS95 was a limited intensive field study to
characterize PM within the San Joaquin Valley. Results and experience from this study have
been used extensively in designing the upcoming CRPAQS.

It became apparent in late 1997 and early 1998, as CRPAQS evolved, that the modeling
performed under SARMAP had under-predicted ambient ozone for the late 1990’s. Results of
SARMAP predicted that the San Joaquin Valley would be in attainment for the federal ozone
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standard by 1999. Similar to other state implementation plans prepared throughout the nation,
violations of the ozone NAAQS continued to occur after adoption in approximately 25 other
regions of the nation. In the case of the San Francisco Bay Area, the region went from
attainment (not needing an SIP) to non-attainment (starting in 1995). This non-attainment
required a new SIP with concomitant additional emission controls to attain the ozone NAAQS.
The BAAQMD’s 1999 SIP is currently under review by the EPA. However, numerous
exceedances of the one-hour ozone NAAQS in 1997, as well as the adoption in 1997 of a new
federal eight-hour ambient ozone standard, prompted renewed interest in ozone within the San
Joaquin Valley. With the extensive array of air monitoring and meteorological equipment
planned for CRPAQS during the fall and winter of 2000, it was realized that addition of an
ambient ozone field study during the summer 2000 could leverage considerable state-of-the-art
field monitoring resources and environmental data. The Central California Ozone Study was
conceived to take advantage of this opportunity.

Future data analysis and modeling to be conducted after the massive PM and ozone study of
2000, will occur within the framework of CRPAQS and CCOS respectively.

PG&E’s effort in this project was named the Regional Ambient Aerosol Study. RAAS was
initiated within PG&E’s R&D program and existed until 1998. At this point, California Energy
Commission Public Interest Electric Research (PIER) funding was used to continue PG&E
involvement. This report is a summary of PG&E’s work during 1998 to 1999.

1.3.1 SJVAQS/AUSPEX
The San Joaquin Valley Air Quality Study and Atmospheric Utility Signatures, Predictions, and
Experiments were two components of a comprehensive study to address the issue of poor air
quality in the California San Joaquin Valley. The study involved:

•  Generating a large-scale air quality measurement program.

•  Analyzing the causes of poor O3 air quality

•  Developing and applying a regional scale air quality modeling system that included a
Mesoscale Model (MM5), an emission modeling system (EMS-95), and the SARMAP air
quality model (SAQM).

The SJVAQS focused on determining the causes of the ozone levels exceeding NAAQS in
the San Joaquin Valley. AUSPEX expanded the domain of research around SJVAQS.
SARMAP, the adaptation program joining the two studies, was intended to develop a
comprehensive model addressing O3, aerosol, visibility, and acid deposition issues and to
obtain a high-quality database for model evaluation and application (Blumenthal, 1993). To
support these objectives, a field program was conducted during an eight-week period from
July 9, 1990 to August 24, 1990. Fourteen intensive days, which corresponded to high O3

episodes, were selected for detailed measurements. The technical objectives of the field
program, detailed in Blumenthal et al, 1997, were to:

•  Characterize the three-dimensional meteorological transport within the San Joaquin
Valley, between the San Joaquin Valley and surrounding air basins, and among the
surrounding air basins on the days leading up to and during O3 episode
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•  Characterize the spatial and temporal patterns and frequency distributions of O3, O3

precursors, and PM concentrations in the study area

•  Characterize pollutant fluxes

•  Characterize emissions

•  Characterize dynamic atmospheric processes in the study region

•  Provide input and evaluation data for air quality and meteorological models, including
initial and boundary conditions

•  Develop an improved understanding of key chemical processes and intermediate
species.

Figure 2 shows the SJVAQS/AUSPEX study domain (Ranzieri and Thuillier, 1994). The
SJVAQS provided for a dense monitoring network within the domain of the San Joaquin
Valley, ending just south of Sacramento. The AUSPEX study extended the spatial coverage to
the coastal cities of San Francisco, Monterey, and San Luis Obispo, and to the Pacific Ocean.
The northern and southern boundaries were extended to Sutter Buttes (north of Sacramento)
and the Tehachapi Mountains, respectively. The Mojave Desert was also included in the
southeastern part of the AUSPEX domain.

Surface air quality data were collected at 59 sites to supplement routine data from more than 70
stations. Forty-one of these sites measured O3, nitric oxide (NO), nitrogen oxide, winds (speed
and direction), and temperature. The remaining sites measured O3 and winds as a minimum.
Peroxyl acetyl nitrate (PAN) was measured continuously at 10 sites. Two to four samples of
volatile organic compounds (VOC) (including carbonyl compounds) were taken at 36 sites and
analyzed in laboratories. Ten of the O3 sites also measured PM mass and PM2.5 and PM10

chemistry. Light scattering and light absorption were measured at two sites. In total, air quality
and/or meteorological data were collected at over 300 surface sites. Measurements that require
collection of samples and subsequent laboratory analyses, such as VOC and PM chemistry,
were obtained only on intensive episode days.

Point measurements of upper air meteorology were obtained from 49 sites. Continuous (hourly-
averaged) upper wind measurements were taken using 7 radar profilers and 14 Doppler
acoustic sounders throughout the study period. The range of the radar profilers was 2
kilometers (km) above ground level (AGL)., while that for the sounders was 500 meters (m).
Twenty-nine balloon sounding sites were also set up to take four to eight (typically six)
soundings per day of winds and temperature during O3 episodes. On intensive days, up to nine
instrumented aircraft measured both meteorology and air quality aloft.

Each aircraft made two to three flights per episode day. Different aircraft carried different
instruments. Measurements of O3, NO, NOx, nitrogen dioxide (NO2), VOC, light scattering,
temperature, and dew point were obtained within the San Joaquin Valley to document the
distribution of pollutants and offshore to characterize the boundary conditions.

Tracer studies were performed on intensive days to characterize the transport patterns from
major source areas within and upwind of the San Joaquin Valley. Perfluorocarbon gas tracers
were released from Bakersfield, Fresno, Hayward, Modesto, Pittsburg, and San Jose and
measured with a surface monitoring network. The data obtained in tracer studies were also
valuable for evaluating the performance of meteorological models.
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(Source: Ranzieri and Thuillier, 1994)

Figure 2. The Study Domain of SJVAQS/AUSPEX

1.3.2 SARMAP
The SARMAP air quality model has been applied in Central California, including the San
Joaquin Valley and surrounding air basins, to prepare the 1994 State Implementation Plan. The
model was extensively tested and evaluated using the rich database of the San Joaquin Valley
Air Quality Study. The model passed the model evaluation criteria of the U.S. EPA and the
California Air Resources Board. Model attributes include: map projection capability to account
for the curvature of the Earth; telescoping grid capability; a coordinate system that matches the
coordinate system of MM5 to avoid interpolation between the two models; grid nesting
capability (both one-way and two-way nesting); a high resolution vertical grid system (the



21

thickness of the layer near the ground cam be as low as 10 m with the surface layer submodule);
two chemical mechanisms (Carbon-bond-IV and Statewide Air Pollution Research Center
(SAPRC)); a Plume-in-Grid module; and three advection schemes. An aerosol module has been
incorporated into the model. SARMAP was used in the SIP process to predict attainment of the
ozone NAAQS within the San Joaquin Valley by 1999.

1.3.3 1995 Integrated Monitoring Study
IMS95 was the planning study of the CRPAQS, a comprehensive data collection and modeling
effort. Under IMS95, two studies were undertaken during the fall and winter of 1995 to
understand the formation of PM in the San Joaquin Valley. The study domain of IMS95 is
shown in Figure 3.

Fall Study

The fall study was performed in the vicinity of Corcoran, California, with one core site
(community-representative/community-oriented site) and 22 satellite sites. The satellite sites
were set up to collect ambient samples in agricultural, industrial, and commercial/residential
neighborhood areas. Twenty-four hour average PM10 samples were acquired daily from
November 1, 1995 to November 14, 1995 at all locations. Daily 24-hour average measurements
of ammonia (NH3), light absorption, and PM10 mass were also reported. Detailed component
analyses (including PM elements, chlorine-, NO3-, SO42-, volatilized NO3-, K+, NH4+, organic
carbon, elemental carbon, and artifact organic carbon) were performed on nine daily samples
from selected sites.

(Source: Solomon and Altshuler, 1999)

Figure 3. IMS95 Winter Core, Boundary, and Flux Plane Air Quality Measurement Site Locations
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Winter Study

The winter study featured high-resolution three-hour average measurements for PM10, PM2.5,
nitric acid (HNO3), and NH3 at four locations: Bakersfield, Chowchilla (northern boundary
site), Fresno, and Kern Wildlife Refuge (non-urban site). Daily 24-hour average NH3, PM2.5, and
PM10 measurements were taken at selected sites. In addition to PM2.5 and PM10, size resolved-
samples were collected at Bakersfield using a Multi-Orifice Uniform Deposit Impactor. Limited
continuous (hourly) PM2.5 and PM10 mass measurements were obtained using tapered element
oscillating microbalances and beta-attenuation monitors, respectively. Hourly measurements of
light scattering were also conducted using nephelometers. Component analyses were
performed for samples on episode days. Supporting gas-phase measurements included hourly
NO/NOx (NO2 by difference) and sulfur dioxide (SO2), all days, and 3-hour or 24-hour average
samples of hydrocarbon and carbonyl compounds at the urban sites (episode days).

A second component of the winter study was conducted at Walnut Grove, California, in the
northern San Joaquin Valley, to characterize the vertical variations in fog/cloud chemistry and
physics. Three-hour average measurements of fog composition were obtained at three different
heights (ground level, 140 m, and 230 m above ground level). Limited droplet size-resolved
data, pH for example, were also taken.

1.4 Upcoming Programs

1.4.1 CRPAQS Study Description
The main objective of the CRPAQS is to improve the scientific understanding of the PM10/PM2.5

problem in Central and Northern California. This includes a better quantification of emissions;
a better understanding of the chemistry and physics involved in the transport, formation and
removal of atmospheric PM10/PM2.5; and an improvement in the characterization of the
meteorological conditions conducive to high PM10/PM2.5 concentrations.

The final product of the CRPAQS project will be the development of a state-of-the-art, regional
PM10/PM2.5 modeling system that will allow air agencies in Central and Northern California to
develop technically sound air quality management plans to comply with PM10/PM2.5 state and
national ambient air quality standards. The following description of CRPAQS is taken largely
from material displayed on a California Air Resources Board Web site (CARB 1999). The
California Regional PM2.5/PM10 Air Quality Study of 1999 – 2000 contains three components:
the annual study, the winter study, and the fall study. The monitoring domains are shown in
Figure 4. The objectives of the CRPAQS, all related to the study of PM, are to:

•  Obtain a quality data base

•  Evaluate the backbone network (used to determine compliance)

•  Examine temporal and spatial distributions of PM concentrations

•  Examine boundary layer and regional circulation

•  Estimate source zones of influence and contributions

•  Determine sources of secondary aerosols
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•  Refine conceptual models

•  Improve simulation methods.

The long-term average CRPAQS study will take place from December 1, 1999 to January 31,
2001, with daily continuous aerosol sampling and meteorological measurements at several sites
to supplement the Air Resouces Board (ARB) backbone PM network. Upper air measurements
of wind speed and direction will be acquired continuously (15-minute averaging time) at 11
sites using radar profilers, and at one site using a sodar. Upper air measurements of the virtual
air temperatures will be obtained at the radar profiler sites using radioacoustic sounding
systems (RASS). In addition, radiosondes will be launched twice a day at four sites to obtain
aloft measurements of wind speed and direction, temperature, and relative humidity (RH). A
100-m micrometeorological tower will be set up at Angiola to obtain high time resolution
measurements of meteorology and particle size at several levels. Information from the tower
will aid in the interpretation of boundary layer evolution. Special studies will also be carried
out for measurement technique evaluation, winter PM forecast, assessment of background site
elevation, and summer organic aerosols.



24



25

Figure 4. Study Domain of CRPAQS
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The winter study will be held toward the end of the annual study, from December 1, 2000 to
January 31, 2001. In addition to continuous measurements of PM mass, size distribution, light
scattering, sulfate, nitrate, and elemental carbon/organic carbon (EC/OC), gaseous
measurements of oxidized nitrogen, ammonia, sulfur dioxide, nitric acid, and ozone will be
obtained. Approximately 20 episode days will be selected for intensive monitoring. On those
days, PM2.5 elements, ions, some speciated organic compounds (both particulate and gas
phases) will be obtained at intervals of five to six hours to supplement the continuous
measurements. Additional upper air meteorological sites will also be set up to measure daily
profiles of wind and temperature using radar profilers, RASS, and sodars. On episode days,
two to six soundings of radiosondes will be made to capture the diurnal changes in upper air
meteorology, including RH.

Details regarding the fall study are not clear, as the description of measurements in the
monitoring plan recapitulates that for the annual study. Two special studies will be conducted
to investigate agricultural dust suspension and deposition, and ammonia or nitric acid
limitation in the vicinity of ammonia sources.

1.4.2 Central California Ozone Study
An ozone episode that was simulated using data acquired in 1990 by the San Joaquin Valley Air
Quality Study will be usable for the 2003 SIP work addressing ozone for the San Joaquin Valley.
The ability to address the proposed new eight-hour ozone standard will be substantially
enhanced, however, if additional, more contemporary simulations designed more specifically
around the new standard are developed. There is a unique opportunity to acquire field data for
additional modeling in this area assuming approximately $10 million can be leveraged, to
complement the planned fine particulate matter field study to be conducted in the same area
during 2000. If the data to be collected during the summer of 2000 by the particulate matter
study can be augmented, confidence in the ozone control strategies will be improved as they
are incorporated in the SIP with substantially less money than if the proposed work were to be
conducted independently.

Data collected within the Central California Ozone Study will be used to simulate one or more
ozone episodes. This data will be used by the ARB and the districts to evaluate candidate SIP
control strategies and to perform demonstrations of attainment required in the SIP. These
simulations also will be used by the ARB and the districts to:

•  Assess inter-basin transport

•  Estimate impacts large emission sources would have on regional ozone levels

•  Evaluate the air quality consequences of changes in land use, transportation, and
industry. Such changes might include construction of large power plants, and oil and
gas production facilities, or major transportation system changes.

Contemplated field monitoring within CCOS includes a range of data collection activities. The
minimum program, Phase I, would help with the 2003 SIP for only the San Francisco Bay Area
Air Basin and the Sacramento area. This minimum program, including assessment of the
transport into and from adjacent air basins, would cost approximately $2.25 million.



27

A larger study within CCOS, Phase II, is being considered at a cost of $5 to $6 million. This
study would be conducted for the San Francisco Bay Area and the entire Central Valley, with
the kinds and amounts of data collected the minimum needed for modeling.

A more comprehensive measurement program, Phase III, would include all of Central
California, from Redding in the North to the Mojave Desert in the South, and from the Pacific
Ocean in the west to the Sierra Nevada Mountains in the east. This program would provide a
database for modeling with minimum uncertainty, and is estimated to cost $10 million.

Technical Objectives

The primary objective of CCOS is to obtain a suitable database for grid-based, photochemical
modeling. The ARB and districts will use this database to apply photochemical models to
examine the effects of emission reductions on ozone concentrations and to prepare the
demonstrations of attainment for the eight-hour ozone standard for non-attainment areas in
Central California.

CCOS will be designed to collect data continuously during the summer of 2000 in between
major elements of CRPAQS. Surface and upper air meteorological data as well as surface air
quality data for NOx and ozone will be continuously collected during the entire summer of
2000. This database will be suitable for modeling. To better understand the physics and
chemistry of the formation of high ozone concentrations, and to reduce uncertainty in the
models used for SIP, additional data will be collected during ozone episodes. Surface air quality
data for hydrocarbons and carbonyls, air quality data aloft measured from aircraft, and data
measured using special instruments such as Lidar will be collected during 20 high ozone days.
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2.0 Technical Report
To meet the California Energy Commission contractual commitments, and with prior approval
from the Commission and the California Air Resources Board (CARB) prior approval, Pacific
Gas & Electric (PG&E) teamed with Atmospheric and Environmental Research (AER), after
competitive bid, to meet the obligations of this project. Use of AER was an opportunity to
engage a renowned expert in air pollution, Dr. Christian Seigneur, and his staff, in the planning
and review process for the upcoming field and modeling studies. In addition, AER, not having
been involved directly with previous Central California studies, provided a fresh perspective.
Within this section, the work performed by this time to meet the technical objectives of the
Regional Ambient Aerosol Studies (RAAS) project is described.

2.1 Concept Model of Particulate Matter Pollution in the California San Joaquin Valley
The final report for this project effort is provided in Appendix I of this document.

2.1.1 Study Background
Limited particulate matter (PM2.5) measurements from Central California indicate that the
proposed annual 15 microgram per meter cubed (µg/m3) standard will probably be exceeded in
several populated areas, especially in the San Joaquin Valley (Watson et al., 1998). These annual
average concentrations are dominated by elevated concentrations that occur primarily during
fall and winter. In addition, the National Ambient Air Quality Standards (NAAQS) 24-hour
standard (currently remanded) for PM2.5 (65 µg/m3) was exceeded several times during the
1995 Integrated Monitoring Study (IMS95) and the 24-hour standard value for PM10 (150
µg/m3) was exceeded twice during IMS95.

2.1.2 Study Objectives
The objective of the analysis was to formulate a conceptual model for fall and winter PM
concentrations in the San Joaquin Valley primarily using the information obtained during
IMS95. This conceptual model is a qualitative description of the physical and chemical
processes that govern the formation of PM in the atmosphere, which, to the extent possible, is
supported by quantitative information. The conceptual model is visualized in Figure 5. The
conceptual model is an important link between the planning study, IMS95 and the
comprehensive field program, the California Regional PM10/PM2.5 Air Quality Study
(CRPAQS). The model identifies the major characteristics of the meteorology and atmospheric
composition of the area that are relevant to PM formation. Thus the conceptual model is a
valuable tool: to guide data collection priorities of CRPAQS and to aid future model
development and evaluation activities.

2.1.3 Study Findings
Chemical Composition and Transformations

A primary component of the fall PM10 was identified as geological material (dust), which
accounted for 57 percent of the mass according to chemical mass balance (CMB) analyses.
Limited information is available regarding the source of the dust particles. Given that wind
speeds were typically less than 2 meters per second (m/s-1), it seems unlikely that wind-blown
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dust was a significant contributor to PM10. Sources of mechanically generated aerosols, such as
paved and unpaved roads and farming activities, are likely mechanisms causing elevated PM10

and may be addressed by tracer experiments. The need was identified for accurate geological
material profiles and tracer-based organic profiles for major San Joaquin Valley primary
sources to increase the resolution of the CMB.

Ammonium nitrate was identified as the second most important component of PM10 in the fall,
accounting for about 16 percent of the mass at the Corcoran core site. The formation of
ammonium nitrate warrants further discussion. One key question is whether the formation of
nitrate is limited by the availability of nitric acid or ammonia. Kumar, Lurmann, and Pandis
(1998) showed that the atmosphere in the monitoring domain within the southern part of the
San Joaquin Valley was ammonium rich in the winter. It is likely that the system is also more
sensitive to nitric acid than to ammonia during the rest of the year, especially in the summer
when the oxidant chemistry is nitrogen oxide-sensitive (Lu and Chang, 1998) and, therefore,
not conducive to the formation of nitric acid. It is recommended that the nitric acid sensitivity
should be confirmed for fall conditions, which have different reaction rates (due to different
temperature and solar radiation), mixing conditions, and emissions. Fog was not prevalent
during the fall and the atmosphere was relatively dry; therefore, it was postulated that the OH
reaction may be more important than the N2O5 hydrolysis route in the production of nitric acid
(HNO3) in the fall. To confirm the important nitrate formation reactions, development of a
better understanding of oxidant chemistry for the fall season in the San Joaquin Valley is
needed. Emphasis should be placed on studying the gas-phase oxidation pathways of nitrogen
oxide (NOx) to HNO3, and the sensitivity of oxidants (OH, ozone, and NO3) to NOx and volatile
organic compounds (VOC), as shown in Figure 6. Another PM component needing further
investigation is the excess organic carbon (OC) present in the atmosphere. These are the organic
compounds not accounted for by the source profiles explicitly included in the CMB study.
Excess OC includes both primary (e.g., from meat cooking, wood burning, and motor vehicle
exhaust) and secondary organic components. Tracer-based receptor modeling may be used to
analyze the source of excess OC, and determine whether these are primary or secondary
organic compounds.

 
Figure 5. Framework of a Conceptual Model
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Physical Transport

There is little direct evidence from which to infer the dominant physical transport processes
affecting the concentrations of PM in the San Joaquin Valley in the fall. Collins (1998) showed
that PM concentrations are generally highest during periods of light and variable winds which
tend to come from the southeast. Lower PM concentrations were associated with stronger
northeasterly winds. PM10 concentrations were observed to correlate well with the aloft
temperatures measured at Oakland, California (850 millibars temperature at about 1500 meters
or 5000 feet), indicating reduced mixing as a major cause of the observed PM episodes.
Furthermore, both primary (e.g., dust) and secondary components (e.g., nitrates) increased
during the fall episodes. These observations tended to support a sub-regional build-up of PM as
the culprit of the pollution episodes under the particular fall conditions. The dominance (57
percent) of dust or geological material in the PM composition also supported the sub-regional
build-up hypothesis, as coarse materials are generally not transported over great distances. The
correlation of PM10 concentrations among the core and satellite sites (i.e., the fact that the
concentrations at all sites increase and decrease together) indicated that meteorology was the
driving force behind episodes in the Corcoran area, with a mean of 100 µg/m3. Spatial
variability recorded by the network was attributed to local influences. It was found that
industrial sites tended to record higher concentrations than the residential sites. Average PM10

concentrations were 134 µg/m3 at industrial sites, 113 µg/m3 at agricultural sites, and 112
µg/m3 at commercial/residential sites (Chow and Egami, 1997). Because of the intermittent
nature of the many PM-generating activities, however, activity observations did not correlate
well with the 24-hour data collected (Coe and Chinkin, 1998). No meteorological data were
available at the monitoring sites to evaluate the contribution of local wind-blown dust.

Long-range surface transport from upwind pollutant sources to Corcoran was unlikely, as the
surface wind speed was typically less than 2 meters per second (m/s) during the fall episodes
in Corcoran. Mixing height, upper air winds, and concentration data are necessary to evaluate
the impact of vertical mixing and long-range transport of precursors and PM aloft.

Deposition

Wet deposition was mostly a function of fog in the San Joaquin Valley PM episodes studied.
The effects of fog are two-fold. First, particles that become fog droplets by absorbing water
vapor are subsequently removed by gravitational settling. In addition, fog droplets provide the
aqueous medium for the production of sulfates. The net effect of a fog event depends on the
length of the event, the availability of precursors, oxidants, and catalysts, and the composition
of the original PM. It is advisable to study the wet deposition phenomenon further, and to
understand if any recycling of PM and gaseous pollutants occurs through volatilization at the
conclusion of the fog event.

Wet deposition probably played a minor role in the dissipation of PM during the fall episode.
No rain was reported during the PM monitoring period in November, and only patchy evening
fog was reported in Fresno.
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Note: Shows the two major interacting cycles (NO/NO2 and OH/HO2 or OH/RO2) and the two major sinks
for radical chain termination: H2O2 (NOx sensitive) and HNO3 (VOC sensitive)

(Source: Seigneur et al., 1998b)

Figure 6. Simplified Description of Photochemical Smog Formation

No information was available from IMS95 to determine whether dry deposition provides a
dominant sink for PM and PM precursors in the San Joaquin Valley in the fall. Depending on
the size of the coarse material (e.g., dust), dry deposition could play a role in the PM balance at
the Corcoran location.

2.1.4 Study Conclusions and Recommendations
Summary of Conceptual Model

A data-driven approach was used in the formulation of a conceptual model for PM during
IMS95. Available information was systematically compiled into a framework based on the
chemical characteristics of and transport processes associated with the observed PM. A
summary of the key features of the conceptual models for the fall and winter PM episodes in
the San Joaquin Valley are presented in Table 3.

Comparison with the Conceptual Models of Watson et al. (1998)

Compared to previous conceptual models, this model places a stronger focus on understanding
the chemical processes behind the formation of secondary compounds and, therefore, is
postulated to provide a better balance between meteorology and chemistry in the analyses of
the PM episodes. Watson et al. (1998) discussed the primary compounds in terms of their
sources and secondary PM in terms of their precursors: ammonia (NH3), sulfur dioxide (SO2)
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for sulfate, and NOx (HNO3) for nitrate. Another facet was added to the analysis of the
secondary compounds and pointed out the need to address the availability of oxidants that
govern the chemical transformation of precursors to PM. There was evidence to support that
the oxidation of NOx to HNO3 was limited by the availability of oxidants, as was the oxidation
of SO2 to sulfate. In addition, different reactions, involving different oxidants, may contribute to
the formation of secondary sulfate and nitrates depending on such variants as the time of day,
the presence of fog and clouds, the amount of available light, and relative humidity.

To understand these chemical systems, and to design effective control strategies, it is
recommended that further work be done to measure key oxidants accurately and to improve
the understanding of the oxidant chemistry, particularly its sensitivity to NOx or VOC. The
effectiveness of any controls placed on the precursors will be dependent on the limiting
reagents. In addition, it is important to coordinate the efforts to control oxidants in the summer
and in the winter. Summer oxidants may be sensitive to NOx. NOx controls, however, must be
accompanied by methods to address VOC concentrations if the oxidants involved in the
wintertime formation of secondary PM are more sensitive to VOC than NOx. This problem was
investigated further by conducting simulations of particulate nitrate formation using a box
model, further discusses in Section 2.6 of this report.

Another component that was not analyzed in detail in Watson’s approach was secondary
organic aerosol (SOA) formation. Limited analyses seem to indicate that it could be a non-
negligible contributor at the rural sites. At the urban sites, Watson et al. (1998) narrated the
events that led to PM formation during winter that involve:

•  Accumulation of PM and precursors over night

•  Mixing with aloft air in the morning and early afternoon (reduction in PM and
precursors)

•  Photochemical production and accumulation aloft (clear sky) of oxidants, nitric acid,
and secondary aerosol

•  Entrainment of secondary aerosol by stratus cloud droplets and aqueous oxidation of
sulfur

•  Radiation inversion separating pollutants aloft and those accumulating at the surface

•  Mixing of ammonia and nitric acid by upper air transport.

This analysis seems to be consistent with available information. Some components of Watson’s
analysis, however, are hypotheses that cannot be confirmed with available evidence. Aspects of
Watson’s conceptual model that require verification include the aloft production of oxidants
and secondary compounds, the role of cloud droplets, and the upper air transport as a
mechanism of pollutant dispersion. The removal processes of wet and dry deposition were not
addressed in Watson’s conceptual model. Analysis of the physical transport and removal
processes, based loosely on mass balance arguments, confirmed the lack of ground level
advection and reduced vertical mixing as the principal meteorological conditions associated
with PM build-up. Aloft transport is possible as a mechanism for pollutant dispersion under
apparently stagnant conditions. Widespread sources of precursors and diffusion are possible
explanations of the regional distribution of pollutants. To complete the understanding of the
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mass fluxes within the valley, there is also a need to understand the wet and dry removal
processes.

Watson et al. (1998) proposed a separate conceptual model for the fall. The basic features of
Watson’s fall conceptual model are feasible, with primary sources responsible for local
influences and secondary compounds responsible for the “subregional influence.” The key
differences between the fall and the winter conceptual models are the contribution of dust and
the lack of fog. Watson et al. (1998) also proposed that the stronger along-valley flows transport
particles into the Mojave Desert, although IMS95 was too limited in its geographical scope to
evaluate the full range of transport.

Several measurements are proposed to verify aspects of Watson’s model: particle size
distribution information will aid in the determination of particle lifetimes and the distance of
dust dispersion; and measurements of photochemical oxidants will be useful in determining
the sensitivity of the oxidant system for nitric acid production.

Oxidant production may be sensitive to NOx or VOC; the terms “NOx limited” or “VOC
limited” are commonly used to describe these phenomena. There is some evidence that ozone
formation in the summer is sensitive to NOx (Lu and Chang, 1998). Data from IMS95, however,
seemed to indicate that the formation of oxidants and HNO3 during the winter season was
sensitive to VOC, although the indicator approach (Sillman, 1995; Lu and Chang, 1998) has not
been verified for the cooler and foggier winter conditions. Oxidant chemistry should be
investigated further to confirm the precursor (NOx or VOC) sensitivity in the winter season.
This basic understanding of the atmospheric system is important because any reduction of NOx

(e.g., for controlling summer ozone) may increase the abundance of HO2 radicals and enhance
the production of H2O2 (see Figure 6). Since ozone and H2O2 are both oxidizing agents of SO2,
the trade-off between the different reaction pathways needs to be understood.
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Table 3. Summary of Conceptual Models

  Winter (PM2.5)  Fall (PM10)

Chemical Composition
and Transformations

Ammonium Nitrate (46%)

Nitric Acid Sensitive

Nitric Acid Formation Possibly Limited
by Oxidants (OH, O3, and NO3)
Availability

Oxidants May be VOC-Sensitive
Rather Than NOx-Sensitive

Organic Compounds (34%)

Primary (e.g., Vegetative Burning and
Mobile Sources)

Secondary (Anthropogenic or Biogenic
Precursors)

Geological Material (57%)

Ammonium Nitrate (16%)

Transport Processes Limited Ground-Level Transport

Calm Winds

Aloft Transport Possible

Limited Vertical Mixing

Wet Deposition (Fog)

Dry Deposition Unknown

Urban Influences (Primary Sources) on
Regional Distribution (Secondary
NH4NO3, SOA)

Limited Ground-Level Transport

Aloft Transport Possible

PM Build-Up Correlates with Reduced
Mixing Height

Limited Wet Deposition (Mild Fog)

Dry Deposition Unknown

Local Influences (Geological Material)
on Sub-regional Distribution
(Secondary NH4NO3)

After completion of the report, AER prepared a manuscript titled “Understanding Particulate
Matter Formation in the California San Joaquin Valley: Conceptual Model and Data Needs”
and submitted it for publication in the special issue of Atmospheric Environment for the IMS95.

2.1.4.1 Implications to CRPAQS
To confirm the important nitrate formation reactions, development of a better understanding of
oxidant chemistry for the fall season in the San Joaquin Valley, California, is needed. Emphasis
should be placed on studying the gas-phase oxidation pathways of NOx to HNO3, and the
sensitivity of oxidants (OH, O3, and NO3) to NOx and VOC during the fall. Secondary
ammonium nitrate was an important component of PM. It was shown that nitric acid limited
the yield of this secondary compound, as ammonia was abundant within the IMS95 study area.

To control nitric acid formation effectively, development of a better understanding of the
NOx/VOC/oxidant chemistry for the San Joaquin Valley is recommended.The formation of
nitric acid should be studied in detail. Two chemical reactions are of interest: nitrogen dioxide
(NO2) + OH and N2O5 + water (H2O). Since N2O5 is formed from the reaction of NO2 with NO3,
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this reaction may be important in the evening or during a fog episode when NO3 accumulates
due to the lack of photolytic dissociation. N2O5 cannot be measured directly, but the formation
rate of nitric acid via N2O5 hydrolysis may be inferred from measurements of NO3. Other
oxidized nitrogen species, including HNO3, particulate nitrates, HNO2, peroxyl acetyl nitrate
(PAN), and other organic nitrates, may also be measured to improve the understanding of
nitrogen chemistry. The accumulation of pollutants such as NO2, HNO3, was associated with
stagnant conditions with limited surface transport. Under these conditions, the regional
uniformity of secondary pollutants (such as ammonium nitrate and secondary organic aerosols)
within the San Joaquin Valley is intriguing. Questions raised include:

•  Was the time scale of reaction and deposition slower than the time scale of transport
(advective or diffusive) under stagnant conditions?

•  Or were widespread sources responsible for the regional scale concentrations of
pollutants? In the fall episode, and in some winter episodes, the influence of regional
sources was evident (Blanchard et al., 1998). It should be useful to better characterize the
meteorological conditions that are associated with enhanced regional influence.

Further study of secondary organic also should be conducted. During IMS95, the relative
contribution of secondary organic aerosols to PM was significant at the rural sites. In addition
to the transport and transformation of anthropogenic emissions from urban areas, the
atmospheric reactions assessed indicated that sulfate seemed to be a minor (6 percent)
component of San Joaquin Valley PM in the fall and winter. With abundant SO2 in the southern
part of the valley, however, and the sensitivity of sulfate production to changes in oxidant
concentrations, the mechanisms for sulfate formation should be examined more closely. This
investigation will ensure that changes in precursor (NOx or VOC) emissions designed to reduce
ozone and other components of PM will not have adverse effects on the sulfate problem.

Two areas of research needs identified by IMS95 researchers are the source of fog buffering
capacity and the sensitivity to precursors of ambient ozone measurements at the parts per
billion (ppb) levels. Modern ozone instruments with sub-ppb detection limit and sensitivity
(Seigneur et al., 1998a and references therein) may need to be considered in future field studies.
Accurate relative humidity (RH) measurements are also needed to understand the importance
of various aqueous-phase processes. Furthermore, McDade’s finding (McDade, 1997) that light
extinction was sensitive to particulate water, confirmed the need for such measurements for
determining light scattering by PM.

One question IMS95 did not sufficiently address because of its limited scope was the magnitude
of above-ground transport. There is some evidence that transport of pollutants aloft and
subsequent mixing into the surface layer (in the middle of the afternoon) may be a mechanism
of distributing pollutants within the valley in a multi-day episode. Aloft measurements of
concentrations will be needed to determine the magnitude of this mixing process.

Dry deposition information is needed to complete the understanding of major mass fluxes in
the San Joaquin Valley system. Direct measurements of dry deposition fluxes by the eddy
correlation technique over a variety of land-use types are needed for both PM and precursor
gases, including O3, HNO3, NH3, and other nitrogen-containing compounds.
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2.1.4.2 Implications to Electric Power Plants
Issues raised relating NOx to nitrates are important to emission sources of NOx, such as electric,
fossil fueled power plants. The understanding that ammonium nitrate, as a fine particulate, is
controlled by the available nitrate in the atmosphere is important. Further that ambient nitrate
is, in turn, controlled by ambient oxidant levels is critical. And lastly that ambient oxidants are,
during winter-time, VOC limited and, during summer time, NOx limited within the San
Joaquin Valley, has important implications to any existing or potential new power plants
emitting NOx in the San Joaquin Valley. Ambient concentrations of ozone and PM both
exceeding various ambient air quality standards in the Valley cause air regulatory agencies to
focus on optimum control strategies to achieve attainment for both pollutants.

Further discussion about nitrates is provided in Section 2.6 of this report, which examines
nitrate-NOx-O3-VOC relationships and interactions.

2.2 Conceptual Model of Ambient Ozone Pollution in the California San Joaquin
Valley
The complete final report for this study is provided in Appendix II of this document.

2.2.1 Study Background
Ozone Problem in California’s San Joaquin Valley

Summer ozone air pollution is a serious problem in the California San Joaquin Valley. With the
exception of the Los Angeles area, the San Joaquin Valley records some of the highest O3

concentrations in the United States. For example, between 1984 and 1986, the San Joaquin
Valley exceeded the National Ambient Air Quality Standard (120 ppb, averaged over one hour)
an average of 75 times per year. In 1997, the U.S. Environmental Protection Agency (EPA)
established a new eight-hour running average NAAQS for O3 of 80 ppb, which was remanded
on May 14, 1999. Based on the past data from the O3 episodes during San Joaquin Valley Air
Quality Study (SJVAQS)/ Atmospheric Utility Signatures, Predictions and Experiments
(AUSPEX), several sites in the San Joaquin Valley are out of compliance with the proposed
eight-hour O3 NAAQS levels (Chow et al., 1998).

2.2.2 Study Objectives
The main objective in this study was to develop a conceptual model for O3 formation, transport,
and accumulation in the California San Joaquin Valley primarily using the information
obtained during the SJVAQS/AUSPEX program of 1990. This conceptual model is a qualitative
description of the physical and chemical processes that govern the formation of O3, which, to
the extent possible, is supported by quantitative information. Through the identification of the
key processes and key knowledge gaps, the conceptual model for O3 serves as a useful tool to
guide future research and mathematical model development.

The methodology used to develop the conceptual model for O3 formation in California’s San
Joaquin Valley is similar to the methodology developed for and applied to the development of
the conceptual model for PM, discusses in Section 2.1 of this report, in the same geographic area
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(Pun and Seigneur, 1998). This methodology is data-driven and works backward in time. The
two components of the analysis are:

•  An analysis of the chemical transformations

•  An analysis of the physical transport processes.

2.2.3 Study Methodology
Chemical Processes

The atmospheric concentrations of O3 and associated chemicals, such as VOC, NOx, and PAN,
provided the starting point for formulating a conceptual model based on chemical
transformations. O3 precursors, NOx or VOC, may be transported over great distances to
produce O3 at a given location. Therefore, the physical transport processes of both O3 and O3

precursors are considered. The two analyses were then combined into the conceptual model.

Figure 7 illustrates the analysis framework for chemical transformations. O3 is produced in the
atmosphere from the reactions of VOC and NOx. These compounds are emitted from
anthropogenic and biogenic sources. This differentiation is particularly important for VOC
since biogenic sources contribute significantly to the atmospheric burden of VOC at some San
Joaquin Valley sites, particularly during summer. A major question is the sensitivity of O3

concentrations to the availability of NOx and VOC.

 
Figure 7. Analysis of Chemical Transformations Framework Leading to Os=zone Formation in the

San Joaquin Valley

The major chemical pathways of the VOC/NOx/O3 system are shown in Figure 8. If VOC
concentrations are low (VOC-sensitive regime), OH radicals are available to react with NO2 to
form HNO3. If NOx concentrations are low (NOx-sensitive regime), HO2 radicals tend to
recombine to form H2O2 rather than to react with NO. Therefore, the ratio of HNO3 and H2O2

may be used as an indicator of the VOC/NOx sensitivity of the system. Other indicators that
have been used include NOy, formaldehyde (HCHO)/NOy, O3/(NOy- NOx), and (NOy-NOx) /
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NOy (Lu and Chang, 1998). The sensitivity characterization provides information regarding
which pollutant or combination of pollutants should be controlled to obtain the maximum
benefits in O3 reduction. This is important as sources of VOC and NOx (power plants with tall
stacks) are considered for emission controls.

To extrapolate this information to the specific sources to control for O3 reduction in a particular
area, additional information is needed to define the source- receptor relationship of the ozone
precursors. At a location mostly affected by local emissions, control of local sources will achieve
the desired reductions in precursors and ozone. At some receptor locations, however, upwind
sources may need to be targeted for controls. Upwind areas may contribute to ozone at a given
location via surface (automobiles, industry, domestic) and aloft (power plants and refineries
with tall stacks) transport of emissions. Since the range of aloft transport is typically farther
than surface transport, an upwind source may be hundreds of miles away from a receptor site
affected by such transport. In this case, a regional strategy is necessary to address high O3

concentrations. The sensitivity of O3 concentrations to NOx and VOC may differ for local and
distant upwind sources. Regional strategies are likely to be more complex than local strategies.

 

 

Note: Shows the two major interacting cycles (NO/NO2 and OH/RO2 or OH/HO2) and the two major sinks
for radical chain terminations: H2O2 (NOx sensitive) and HNO3 (VOC sensitive)

Figure 8. Simplified Description of Photochemical Smog Formation

Physical Processes

The framework for the analysis of the physical processes is shown in Figure 9. The transport
and removal processes that are important within the scales of the San Joaquin Valley include
horizontal advection at the surface and aloft, vertical mixing, dry deposition, and wet
deposition. Wet deposition is not important in the summer in the San Joaquin Valley and can be
ignored. Dry deposition is an important removal process for some precursors as well as for O3.
Vertical mixing is a strong function of the diurnal cycle of the boundary layer height and other
phenomena such as updraft and convective cells. Advection varies significantly between the
surface and the free troposphere.
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Above 1000 meters (m), the wind flow is governed by synoptic (or sub-synoptic) patterns.
Although high mountain ranges lead to some channeling effects, terrain effects are generally
limited at this height. Between about 200 m and 1000 m, the wind flow is strongly affected by
the local terrain and the related local meteorology. Local pressure gradients, channeling,
mountain-valley effects, and land/sea breezes near the coast interact with the synoptic patterns
to create wind flows that vary significantly with time and location. This layer is typically
decoupled from the surface at night, and significant advective transport can take place with
little interaction with fresh emissions during the night.

The wind flow at the surface is coupled to the 200 to 1000 m layer during the day. The surface
layer, however, is subject to a strong thermal inversion at night and calm winds and/or
drainage flows are common. An analysis of physical transport processes must unravel how
these various mechanisms transport O3 and its precursors to and within the area of interest,
such as the San Joaquin Valley.

 
Figure 9. Transport Processes Important for the Formation and Accumulation of Ozone in the San

Joaquin Valley

Sensitivity of O3 to Precursors

Summer O3 in most areas of the San Joaquin Valley appears to be more sensitive to NOx

controls than to VOC reductions alone. There may be areas, however, where NOx reductions
may be counterproductive to O3 reduction. On August 6, 1990, ozone peaks were observed in
the northern part of the San Joaquin Valley that could be attributed to downwind transport
from the San Francisco Bay Area. The sensitivity of O3 to its precursors under this
meteorological scenario has not been verified. There is some evidence that summer O3 in the
San Francisco Bay Area is VOC-sensitive. Reductions in NOx may result in an increase in O3

according to modeling studies performed by the Bay Area Air Quality Management District
(BAAQMD) (Martien and Umeda, 1993).

As a polluted air mass travels downwind, ozone accumulates from the reactions of VOC and
NOx. Since NOx is depleted faster than VOC, O3 production within the air parcel becomes
increasingly NOx-limited without fresh emissions of precursors. In this case, while VOC
controls in the San Francisco Bay Area are beneficial for reducing O3 production in the Bay
Area, and transported O3 at the receptor sites in the northern part of the San Joaquin Valley,
NOx controls are needed within the Valley to reduce the O3 production potential in areas
affected by both fresh emissions from within the Valley and aged air from the Bay Area.
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2.2.4 Study Findings
Based on review of the results from the 1990 studies, two major phenomena appear to lead to
concentrations in excess of the NAAQS in the San Joaquin Valley:

•  Transport of O3 and precursors from upwind areas (primarily, the San Francisco Bay
Area) into the San Joaquin Valley leading to high O3 levels in the northern part of the
valley.

•  Emissions of precursors, mixing, and atmospheric reactions within the San Joaquin
Valley leading to high O3 levels downwind of urban areas such as Fresno and
Bakersfield.

The first phenomenon is favored by organized flow from the north/northwest into the valley.
The second phenomenon is exacerbated by multi-day stagnation periods. Although these two
phenomena are neither mutually exclusive nor collectively exhaustive, they help conceptualize
the physical dynamics and chemistry of O3 formation in the San Joaquin Valley. In addition,
vertical mixing of transported emissions with local ground level emissions also occurs.
Removal of O3 by deposition is important and must be considered.

Pollutants and O3 precursors from point and area sources accumulate in the mixed layer during
the day in the San Francisco Bay Area and are transported or diffuse slowly into the northern
part of the San Joaquin Valley through the Carquinez Straits following river pathways. Some
inflow is also observed through the Pacheco Pass, bringing polluted air from the San Francisco
Bay Area to the west side of the San Joaquin Valley.

On some episode days of the 1990 study, fluxes of O3 and NOx that accompanied sea breezes
were significant. (VOC fluxes from the Bay Area were not measured.) An example was August
6, 1990 when onshore flows became more dominant after the high pressure system moved
away from the San Joaquin Valley. Fluxes from the Sacramento Valley were also important. The
combined NOx fluxes into the northern part of the San Joaquin Valley may exceed the northern
valley emissions. Precursor and O3 transport is especially influential to ambient O3 in the
northern part of the San Joaquin Valley.

Under stagnant conditions, urban emissions of VOC and NOx within the San Joaquin Valley
can cause O3 exceedances in areas downwind of major cities, such as Fresno, Bakersfield, and
Sacramento. During an episode with significant sea breeze, the San Joaquin Valley also receives
carry-over pollutants from upwind sources such as the San Francisco Bay Area or the
Sacramento area. The northern part of the Valley is the most affected by upwind sources.
Central and southern parts of the valley are also influenced. For example, the carry-over O3,
which is transported aloft at night, can reach concentrations as high as 80 to 100 ppb in
Bakersfield.

2.2.5 Conclusions
The regional accumulation of O3 within the San Joaquin Valley is the result of combined urban
sources and transport, especially aloft transport in the evening. Urban sources mostly affect
areas downwind on the same day of the emissions. During the night, pollutants (O3 and VOC)
trapped above the surface layer may be transported and mixed within the San Joaquin Valley
by phenomena such as the nocturnal jet and the Fresno eddy. The nocturnal jet carries
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pollutants towards the southern tip of the valley, including those released aloft above the
inversion layer and those that had been mixed upwards from the surface point and area sources
during the day.

In the morning, the O3 and VOC precursors reached the southern end of the Valley. The carry-
over burden of O3 increased from the northern part of the San Joaquin Valley to the southern
part and can be as high as 100 ppb in the downwind area. The carried over VOC represented a
chemically aged mixture, with concentrations about a quarter of those measured at the ground
level in the morning. The lower-level winds slow down but remain generally southward, with
some upslope flow developing into the Sierras and the coastal range. Long-range transport
appears to be especially important in influencing the O3 concentrations at rural sites where few
precursor emissions sources exist. Because no dry deposition can occur, high O3 is preserved
aloft at night. With efficient transport by the nocturnal jet, sources hundreds of miles upwind
may contribute to high O3 concentrations in the southern part of the Valley when the aloft air is
mixed into the surface layer during the next day.

Urban emissions of VOC and NOx contribute significantly to the O3 production downwind, to
locations such as Fresno and Bakersfield. This urban-scale O3 production is supplemented by
regional O3 in the event of an episode. Regional scale O3 may be a result of O3 and precursors
emitted in the northern San Joaquin Valley or in the San Francisco Bay Area, which are
transported, typically aloft, throughout the Valley.

Several meteorological phenomena contribute to O3 accumulation in the San Joaquin Valley.
Synoptic high pressure and stagnation help trap pollutants within the Valley. The upper air
nocturnal jet along the valley axis transports O3 and precursors from the northern to the
southern part of the part of the Valley. Daytime sea-breezes help inject fresh pollutants from the
San Francisco Bay Area into the Central Valley under particular synoptic conditions. Upslope
circulation into the Sierras and the Coastal Range generates divergence in the Valley,
strengthening the subsidence and keeping the mixed layer rather shallow. The pollutants are
therefore trapped in the Valley, without much possibility of escape except over the Chalome
Pass and the Tehachapis to the south. Dry deposition, especially over agricultural land, appears
to be an important physical removal process for surface level O3 within the San Joaquin Valley.
Aloft O3 tends to remain high with no mechanism for removal until downward mixing occurs.

Meteorology serves in two major ways to enhance O3 concentrations within the San Joaquin
Valley during an episode. First, the synoptic high pressure and low mixing height trap
pollutants within the San Joaquin Valley, allowing the accumulation of pollutants over a period
of days. Second, upper air transport takes place at night to move pollutants from one location to
another, where they are subsequently incorporated into the boundary layer during the day.
This “carry-over” is especially important in the southern part of the San Joaquin Valley. The
pollutants from the San Francisco Bay Area may also be transported through the delta and the
mountain passes to contribute to high O3 concentrations in the northern part of the Valley in
the late afternoon.

VOC and NOx emissions are very important in the production of O3 in the central and southern
part of the Valley, from Fresno to Bakersfield. Data analyses suggest that VOC emissions in the
San Joaquin Valley and upwind source areas may be underestimated in the inventory.
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Improvements of the emissions inventories are needed for mobile emissions, biogenic
emissions, and uninventoried sources.

The chemistry of O3 production involves the reactions of VOC to produce radicals that
subsequently react with NO to produce O3. Of the precursors, VOC and NOx, available
information indicates that O3 is more sensitive to NOx than VOC in most areas of the San
Joaquin Valley. Reductions in NOx, however, may be counterproductive to O3 reduction in
some areas.

The measured maximum dry deposition flux of 0.5 milograms per meter squared per hour
(mg/m2/hour) leads to an O3 removal rate of about 3,000 tons per day in the San Joaquin
Valley. Considering an average O3 concentration of 80 ppb, this deposition rate leads to a
residence time of about eight hours for O3. Therefore, dry deposition is a significant flux for the
mass balance of O3 within the San Joaquin Valley. Dry deposition fluxes of precursors NOx and
VOC and products HNO3, PAN, and PM need to be quantified. Wet deposition is not expected
to be important in the summer in the San Joaquin Valley because of the low relative humidity
and the lack of rain.

Peak O3 concentrations were frequently observed in areas downwind of major urban areas.
Strong diurnal profiles were also observed at these sites with maximum O3 concentrations
during the afternoon and minimum concentrations during the night. Rural locations tended to
exhibit less diurnal variability, although the concentrations ranged from close to background
values at Point Reyes to approximately 80 ppb at Sequoia. Some of the highest O3

concentrations were observed in the southern part of the Valley, which is affected by upwind
transport and local emissions of NOx and VOC due to oil production.

Tracer releases from Pittsburg, California, provide evidence that emissions from tall upwind
point sources may affect air quality as far downwind as the southern San Joaquin Valley.
Fourteen percent of the tracer mass was detected at the surface in the southern part of the San
Joaquin Valley the morning after the tracer release. Much of the long-range transport takes
place at night by the nocturnal jet. Within the Central Valley, point source emissions released
into the surface layer during the day may be trapped in the decoupled layer in the evening and
transported towards the southeast. Furthermore, fresh emissions from elevated point sources in
the path of the nocturnal jet may also be transported downwind and lead to O3 production the
next morning. Due to rapid aloft transport, the relative importance of point sources (that mix
upwards) would simply depend on their rates and composition. Mathematical modeling of air
quality in the San Joaquin Valley using a three-dimensional model with subgrid-scale treatment
of plumes will be needed to properly address this question.

Limited analyses indicate that the formation of O3 in the San Joaquin Valley in the summer is
sensitive primarily to NOx although reductions in both VOC and NOx may be needed to reduce
O3 in some areas. According to Lu and Chang (1998), VOC sensitivity occurs mainly in the San
Francisco Bay Area. There is some additional evidence (Martien and Umeda, 1993; Altshuler,
1995; Ziman, 1998) to support this hypothesis. Purely NOx-sensitive locations are typically
outside of urban areas. Since VOC sources are more abundant in the southern San Joaquin
Valley, the chemistry in the southern part of the valley is expected to be relatively NOx-
sensitive compared to areas in the north. The analysis was performed based on maximum one-
hour average ozone concentrations; conclusions regarding the sensitivity of the eight-hour
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average cannot be inferred with certainty at this point. For example, if a receptor site is affected
by air parcels from two different upwind locations at different times of the day, O3

concentrations may be sensitive to NOx at certain times and to VOC at other times. Moreover, if
O3 concentrations at a receptor within the San Joaquin Valley consist of transported O3 (for
example from the San Francisco Bay Area) and O3 generated from emissions within the Valley,
some fraction of the total O3 burden may be sensitive to VOC whereas the other fraction may be
sensitive to NOx. It is conceivable that the area can be NOx-sensitive with respect to the one-
hour standard and VOC-sensitive with respect to the eight-hour standard. A similar sensitivity
analysis is recommended for the San Joaquin Valley to analyze the most efficient control
strategies for the eight-hour standard.

Due to the attention focused on the analysis of the August 3 to 6, 1990 episode, no analysis has
been performed to address the weekday-weekend effects. Changes in VOC and NOx emissions
result in changes in ozone dynamics during the weekend. In addition, an indirect effect may be
caused by reductions in vehicular emissions of PM and precursors, leading to increased
ultraviolet (UV) radiation and photochemical activity (Dreher and Harley, 1998). Other
analyses suggest, however, that weekday-weekend effects are not very pronounced in the San
Joaquin Valley.

The morning ambient VOC to NOx ratios ranged from 4.2 at San Francisco on August 6, 1990 to
27.5 at Bakersfield on August 5, 1990. The range of VOC to NOx ratios in the emissions
inventory is between 1.7 and 8.6. The emission inventory ratios at Livermore range from 4.8 to
8.2, with higher values on the weekends. The ambient ratios were between 6.1 and 19.3 during
the SJVAQS/AUSPEX Regional Modeling Adaptation Program (SARMAP) (Magliano, 1996). In
general, the ambient ratios exhibited much higher variability than the current emission
inventories indicate. Uncertainties in mobile sources, biogenic, and oil production emissions
need to be addressed.

It will be beneficial to address the issues of O3 and PM sensitivities to precursors jointly since
NOx and VOC emission changes will affect both pollutants. In addition to addressing the
exceedances of the O3 NAAQS in the summer and PM NAAQS in the winter, it may also be
beneficial to understand if any indirect effects exist between PM and O3 in the summer. Dreher
and Harley (1998) postulated that the weekend increases in O3 in the San Francisco Bay Area
may be related to reduced emissions by trucks. In addition to the reduced O3 titration by NO,
increased photochemical reactivity may result from reduced emission of black carbon by trucks.
However, the weekend effect does not seem to be very prominent in the San Joaquin Valley
(Altshuler, 1998). Carefully planned experimental field programs, data analyses, and
mathematical modeling efforts should help address the PM-O3 interaction issue effectively.

After completion of this study report, AER prepared a manuscript titled “Ozone Formation in
the California San Joaquin Valley: A Critical Assessment of Modeling and Data Needs” and
submitted it for publication in Journal of the Air & Waste Management Association.
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2.2.6 Study Recommendations
Several aspects of the O3 conceptual model are well understood:

•  The combined effects of local and upwind production of O3 from NOx and VOC at sites
such as Fresno and Bakersfield

•  The transport (sea breeze) of O3 from the San Francisco Bay Area affecting primarily
areas in the northern San Joaquin Valley, the overnight aloft transport of O3 and
precursors by the nocturnal jet

•  The low mixed layer height caused by subsidence and mountain effects.

•  However, some details remain to be thoroughly understood:

•  The sensitivity of the O3 chemistry at different locations within the San Joaquin Valley

•  The balance of transport, chemical, and deposition fluxes that gives rise to the observed
concentrations

•  The amount of O3 that can be attributed to local point sources, mobile sources, and
biogenic sources vs. that transported aloft from distant sources.

A key indicator for the sensitivity of the oxidant system to VOC or NOx is the ratio of HNO3

and H2O2. Although HNO3 was measured at many of the AUSPEX sites during the
SJVAQS/AUSPEX, H2O2 measurements were only taken aboard one of the aircraft used in the
intensive studies. Measurements of H2O2 are highly recommended to characterize the
sensitivity of O3 to VOC or NOx at urban, downwind, and rural locations.

Lu and Chang (1998) investigated the use of various photochemical indicators by simulating
the August 5, 1990 conditions. They noted that most of the areas within the San Joaquin Valley
were NOx-sensitive. About 20 percent of the area, however, were classified as “transition” and
the sensitivity of O3 to its precursors needs to be confirmed for these areas. Furthermore,
August 6, 1990 represented a different set of meteorological conditions, with less stagnation
over the Valley and more transport from the Bay Area. As previously mentioned, there is
evidence for VOC sensitivity in the Bay Area. Therefore, the northern part of the Valley,
influenced by pollutants originating in the Bay Area, may exhibit VOC sensitivity rather than
NOx sensitivity under these conditions. The VOC/NOx sensitivity issue should be investigated
further, especially for different meteorological conditions, to ensure that the conclusions are not
misguided.

The NOx and NO2 measurements suffered from interference from oxidized nitrogen species
such as PAN and HNO3. Accurate measurements of NOx and NO2 are important both for the
understanding of the characteristics of air masses of different chemical “age” and for model
evaluation purposes.

Mathematical modeling of air quality in the San Joaquin Valley using a three-dimensional
model with subgrid-scale treatment of plumes will be needed to properly address this question.

Nitrate radical measurements were taken during the SJVAQS/AUSPEX. Concentrations of
nitrate radicals in the San Joaquin Valley were sufficient to oxidize organic compounds at the
same rate in the evening as they are oxidized by OH during the day (Smith et al., 1995). This
was an unexpected conclusion: VOC oxidation at night by nitrate radical is typically expected
to be two orders of magnitude slower than the day-time process initiated by OH (Atkinson,
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1997). This conclusion shows that it is important to measure other radical species in addition to
NO3, especially OH, HO2, and RO2, which have never been measured in large-scale field
programs in the San Joaquin Valley. The new eight-hour average NAAQS may be exceeded at
both urban and rural sites. An understanding of the source-receptor relationships to address O3

at the rural receptor sites needs to be developed, and regional control strategies may be needed
to meet the eight-hour NAAQS. In that regard, the new standard can be more difficult to attain.
The temporal variations at polluted rural sites should be the subject of a modeling
investigation. In particular, the aloft transport of O3 from upwind locations, vertical exchange
with the valley surface layer or the free troposphere, local production from biogenic emissions,
and O3 scavenging by VOC may be key mass fluxes at these locations. The processes/fluxes
that contribute to high eight-hour average concentrations need to be elucidated before effective
attainment strategies can be identified. Model investigations to determine the O3 sensitivity of
the region to VOC and NOx with respect to an eight-hour average also should be conducted to
confirm the efficacy of control measures designed to reduce the maximum one-hour average
concentration.

Even with significant improvements in the emissions inventory for the San Joaquin Valley, the
reconciliation with ambient data still indicates significant uncertainties in VOC emissions. AER
recommended continuing efforts to provide better emissions estimates for mobile, biogenic, oil
production, and un-inventoried sources. With more accurate emissions information, models
can be better applied to understand the relative importance of these precursor sources to O3

production in the San Joaquin Valley.

In addition, O3 fluxes and deposition fluxes of precursors and products are needed to provide a
better understanding of the pollutant removal processes within the Valley. Measurements of
deposition fluxes of nitric oxide (NO), NO2, HNO3, PAN, PM, and VOC are needed over a
range of surfaces and for a variety of meteorological conditions. In addition, UV radiation
measurements should be performed during the field study portion of the Central California
Ozone Study.

2.2.6.1 Implications to Electric Power Plants
As a source of NOx, fossil fueled electric power plants are concerned with atmospheric reaction
of NOx leading to O3 and particulate nitrates. During wintertime, ambient ozone is VOC limited
within the San Joaquin Valley. During summertime, ambient ozone is NOx limited within the
Valley. These atmospheric reactions have important implications to any existing or new power
plants in the San Joaquin Valley or in upwind areas. Generally for summertime, power plant
NOx emissions need to be evaluated for the NOx limited scenario when evaluating impacts on
ambient ozone. During wintertime, when ambient O3 is generally below standards, PM nitrate
becomes a larger issue of concern. This material is further discussed in Section 2.6 of this
document.

Further, the importance and relevance of upwind aloft emissions of NOx on the atmospheric
chemistry occurring miles downwind has been described. The ability of aloft NOx emissions
from power plants with tall stacks located within the Valley and in adjoining upwind areas to
travel many miles before mixing downward in to surface air is of concern in evaluating ozone
formation in downwind areas. Because power plant plume chemistry differs significantly from
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ambient chemistry (e.g. Karamchandani et al., 1998), it is essential that the potential impact of
power plant emissions be assessed with air quality models that include a comprehensive
treatment of plumes (plume-in-grid modeling) such as the Electric Power Research Institute
(EPRI) model (EPRI, 1999).

As ambient concentrations of ozone and PM both exceed various ambient air quality standards
in the Valley, air regulatory agencies need to focus on optimum control strategies to achieve
attainment.

2.3 1995 Integrated Modeling Study: Assessment of Mathematical Models and
Associated Data Needs
The final report for this project effort is provided in Appendix III of this document.

2.3.1 Study Background
In Section 2.1 of this document, information was assimilated from the data analysis reports of
the IMS95 into a coherent conceptual model for PM. The formulation of the conceptual model
was based on an understanding of the chemical transformations and physical transport
processes that contributed to elevated levels of PM in the San Joaquin Valley during the fall and
winter seasons. Table 4 summarizes the key meteorological and air quality attributes of the PM
conceptual model.

Table 4. Key Attributes of the Conceptual Model for PM Formation in the San Joaquin Valey in the
Fall and Winter Seasons

Meteorology

Cool Temperatures
Stagnant Conditions (Calm Winds)

Fog (Primarily in Winter)
Complex Terrain
Valley Geography

Air Quality

Sulfate Poor Environment with Respect to Ammonia
Nitric Acid-Sensitive Conditions for PM Nitrate

Local Sources
Transport (Various Ranges)

Oxidant Production

2.3.2 Study Objectives
The conceptual model of PM formation in the San Joaquin Valley was used to guide the
development of mathematical models. The objectives of this study were to:

•  Assess the ability of existing mathematical models to represent PM formation
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•  Identify gaps in current knowledge and needs for model improvement

•  Recommend specific tasks for field measurements, data analyses, and model
performance evaluation.

In the complete report, provided as Appendix III, the following are discussed in detail:

•  General modeling requirements based on the conceptual model and the selection of
mathematical models for the San Joaquin Valley episodes

•  The adequacy of current mathematical representations of the key processes responsible
for PM formation in the San Joaquin Valley, focusing discussion on one model, the
SARMAP Air Quality Model with Aerosol module (SAQM-AERO)

•  Tasks for further model development

•  Input data requirements, resolution (spatial, temporal, and size), chemical
transformation routines, and physical transport and removal processes of the model.

2.3.3 Study Findings
A conceptual model was formulated and described in Section 2.1. This model was developed to
address the formation of particulate matter in California’s San Joaquin Valley based on the
observations and analyses of data from the IMS95. Based on this conceptual model, current PM
air quality models were evaluated, focusing on SAQM-AERO. Key objectives of this report
included the identification of knowledge gaps, needs for model improvement, and
recommendations regarding the field data needed for the execution and evaluation of
mathematical models.

The study approach combined receptor modeling and source modeling for understanding the
formation of primary and secondary PM in the San Joaquin Valley. Geological material
accounted for more than 50 percent of the PM10 observed in the fall. The winter PM episodes
were dominated by fine particles, which include secondary components (e.g., ammonium
nitrate) and primary components (from vegetative burning and mobile sources). Receptor
models, such as chemical mass balance, can be used to address the primary sources of PM,
while source models, such as SAQM-AERO, are best used to simulate the formation of
secondary PM nitrate and sulfate. Due to the possibility of long-range aloft transport,
recommendation for the source model was a mesoscale domain that includes upwind
metropolitan areas such as the San Francisco Bay Area, Monterey, and San Luis Obispo.

When used with the Mesoscale Model (MM5), a non-hydrostatic prognostic meteorology
model, it was observed that SAQM-AERO provides adequate treatment for the complex
meteorology within the San Joaquin Valley, except possibly for calm periods. Major
uncertainties in the emissions input must be resolved by measurements. Concentration
measurements at the boundaries, lateral and top, are also recommended. A 12 kilometer (km)
by 12 km grid size can capture the major features of PM build-up within the San Joaquin
Valley. During stagnation, however, a finer grid size may be necessary to decipher the diffusion
processes. The vertical range of SAQM-AERO extends to 15 km, which is adequate for
modeling aloft transport in the free troposphere. Near the surface, a surface layer submodel
increases the resolution to improve model predictions when the mixing layer is shallow. Since
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reduced mixing heights are typically associated with PM accumulation, such a feature should
prove useful in the application of SAQM-AERO to the San Joaquin Valley.

The representation of chemistry within SAQM-AERO may not be adequate for wintertime PM
formation. Most gas-phase chemical mechanisms for oxidant productions have not been
thoroughly tested in cool, foggy conditions. CBM-IV, the only mechanism currently
implemented in SAQM-AERO, does not explicitly treat organic peroxides, which may be
important radical termination products if the oxidant chemistry is NOx-sensitive.

Secondary organic aerosols are simulated in CBM-IV. The current partition scheme, however,
amounts to a rudimentary fixed aerosol yield approach. The thermodynamic module,
SEQUILIB, was found to perform well under the high nitrate, high ammonia conditions
prevalent with the San Joaquin Valley (Zhang et al., 1998). Aqueous-phase reactions, however,
are not represented. The aqueous oxidation of SO2 to sulfate and the hydrolysis of N2O5 in the
presence of droplets should be modeled if SAQM-AERO were to be applied to the San Joaquin
Valley, where fog is typically associated with the winter PM episodes.

Gaps in current knowledge were identified including the:

•  VOC or NOx sensitivity of the oxidant system in the San Joaquin Valley

•  Rates of photolysis reactions in fog

•  Details of SOA formation

•  Source of fog buffering in some urban areas

•  Transport processes responsible for the regional distribution of pollutants under calm
conditions.

The key areas for model development and testing needs were divided into two categories:

•  Areas where development is absolutely needed for the San Joaquin Valley application

•  Areas where testing is needed to ensure the accuracy of the model, and, if testing is not
satisfactory, development is needed.

In areas where development is absolutely needed for the San Joaquin Valley application, the
following must be performed:

•  Incorporate a detailed aqueous-phase chemical mechanism

•  Reduce numerical diffusion during stagnation

•  Implement plume-in-grid treatment for point and area sources

•  Improve treatment of secondary organic aerosols.

In areas where testing is needed to ensure the accuracy of the model and, if testing is not
satisfactory, development is needed including the following:

•  Implement Statewide Air Pollution Research Center (SAPRC) as an audit for the CBM-
IV mechanism in SAQM-AERO

•  Resolve mass adjustment issue by modifying mesoscale meteorological model (MM5)
post-processing procedures
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•  Test photolysis rates by comparing calculated radiative fluxes with measurements of
UV and broad radiation

•  Resolve vertical transport inconsistencies (K-theory vs. ACM)

•  Test surface layer submodel and modify as needed

•  Resolve difference in dry deposition prediction of SAQM-AERO and other air quality
models.

A host of information was identified for the execution and evaluation of the source model.
Meteorological data, emissions data, and initial and boundary conditions (i.e., ambient
concentrations) are required as inputs for the PM air quality model. Ambient concentrations
and fluxes (e.g., deposition) of PM and precursors are needed to evaluate model performance.
Table 5 summarizes these data needs for model input and evaluation.

Table 5. List of Recommended Measurements for Model Input and Evaluation

Data Spatial Resolution Temporal Resolution
Meteorology
Wind Speed and Direction
Temperature
Mixing Height
Relative Humidity
Solar Radiation
Fog / Clouds

Surface and Aloft
Surface and Aloft
Surface or Aircraft
Surface and Aloft
Surface and Aloft
Surface and Satellite

< 1 hour *
< 1 hour
< 1 hour
< 1 hour #

< 1 hour
< 1 hour

Emissions (PM-2.5, PM-10, Precursor Gases)
Profiles (Anthropogenic, Biogenic)
Emission Factors

Representative Sources
Major Sources

N/A
1 to 4 hours

PM2.5 / PM10

Total Mass
Sulfate
Ammonium
Nitrate
Elemental carbon
Organic carbon (speciated)
Chloride

Surface and Aloft
Surface and Aloft
Surface and Aloft
Surface and Aloft
Surface and Aloft
Surface and Aloft
Surface and Aloft

1 to 4 hours
1 to 4 hours
1 to 4 hours
1 to 4 hours
1 to 24 hours
1 to 24 hours
1 to 4 hours

Gases
O3

NO
NO2

VOC (Speciated)
HNO3

NH3

Surface and Aloft
Surface and Aloft
Surface and Aloft
Surface and Aloft
Surface and Aloft
Surface and Aloft

1 hour
1 hour
1 hour
1 to 4 hours
1 hour
1 hour
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Data Spatial Resolution Temporal Resolution
H2O2

Organic Peroxides
PAN

OH
HO2

NO3

Surface and Aloft
Surface and Aloft
Surface and Aloft
Surface

Surface
Surface

1 hour
1 hour
1 hour
1 hour

1 hour
1 hour

CO
SO2

Surface and Aloft
Surface and Aloft

1 hour
1 hour

Droplet Chemistry
Liquid Water Content
Sulfate
Nitrate
Ammonium
Chloride
H2O2

Sulfite
H+(pH)
Dissolved Fe3+ and Mn2+

Surface and Aloft
Surface and Aloft
Surface and Aloft
Surface and Aloft
Surface and Aloft
Surface and Aloft
Surface and Aloft
Surface and Aloft
Surface and Aloft

During Fog Event Only:
1 hour
1 hour
1 hour
1 hour
1 hour
1 hour
1 hour
1 hour
1 hour

Wet Deposition
Sulfate
Nitrate
Ammonium

Representative Locations During Fog Event Only
1 hour
1 hour
1 hour

Dry Deposition
PM2.5

PM10

HNO3

NH3

SO2

O3

Different Surface Types
(aircraft measurements or
tower measurements)

Representative
Meteorology

* 5-minute temporal resolution is desired during stagnation
# 5-minute temporal resolution is desired during fog

2.3.4 Study Conclusions and Recommendations
Due to the possibility of long-range aloft transport, a mesoscale domain that includes upwind
metropolitan areas such as the San Francisco Bay Area, Monterey, and San Luis Obispo, is
recommended for the source model.

During stagnation, however, a finer grid size may be necessary to decipher the diffusion
processes. The vertical range of SAQM-AERO extends to 15 km, which is adequate for
modeling aloft transport in the free troposphere. Near the surface, a surface layer submodel
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increases the resolution to improve model predictions when the mixing layer is shallow. Since
reduced mixing heights are typically associated with PM accumulation, such a feature should
prove useful in the application of SAQM-AERO to the San Joaquin Valley.

The representation of chemistry within SAQM-AERO may not be adequate for wintertime PM
formation. Most gas-phase chemical mechanisms for oxidant productions have not been
thoroughly tested in cool, foggy conditions.

Gaps in current knowledge identified include the:

•  VOC or NOx sensitivity of the oxidant system in the San Joaquin Valley

•  Rates of photolysis reactions in fog

•  Details of SOA formation

•  Source of fog buffering in some urban areas

•  Transport processes responsible for the regional distribution of pollutants under calm
conditions.

Necessary information for the execution and evaluation of the source model was defined.
Meteorological data, emissions data, and initial and boundary conditions (i.e., ambient
concentrations) are required as inputs for the PM air quality model. Ambient concentrations
and fluxes (e.g., deposition) of PM and precursors are needed to evaluate model performance.
Table 5 summarizes these data needs for model input and evaluation 2.3.4

2.3.4.1 Implications to the CRPAQS and CCOS Field Studies
The complete final study report (Appendix III) was shared with those responsible for the
planning of the CRPAQS year 2000 study during the third quarter of 1998.

2.3.4.2 Implications to the Electric Power Production Industry
Recommendations regarding data needs for CRPAQS as defined in this report help to ensure
that the optimum field study is conducted to run future air quality models. It is difficult to
identify any specific benefit to the electric power production industry other than continuous
improvement of the overall study design.

2.4 Assessment of MM5/SAQM Model of Ozone Formation in the San Joaquin Valley
The complete final report for this study is provided in Appendix IV of this document.

2.4.1 Study Background
The SARMAP was a collaborative effort by SJVAQS, AUSPEX, and EPRI for modeling and data
analysis following the 1990 ozone field study. The SARMAP modeling system consisted of the
MM5 (Seaman and Stauffer, 1996), the SAQM (Chang et al., 1997) and the data processing
software for generating SAQM inputs. This modeling system simulates atmospheric dynamics
and the chemistry, transport, and deposition of O3 and precursors. In this work MM5/SAQM
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was compared to the conceptual ozone model (further discussed in Section 2.2 of this
document).

2.4.2 Study Objectives
Specific objectives were to:

•  Assess the ability of MM5/SAQM to represent O3 formation processes

•  Document the processes that are not well represented in the mathematical modeling
system and recommend tasks for mathematical model improvement

•  Identify gaps in current knowledge and recommend specific measurements and data
analysis tasks.

2.4.3 Study Methodology
In conducting this study, the following was performed:

•  An assessment of the MM5

•  Review of SAQM and the associated input processing software

•  Recommendations were developed regarding field measurements and data analyses for
improving the conceptual model, and tasks needed for mathematical model
improvements and performance evaluation

•  Conclusions were provided.

During the assessment of MM5, AER evaluated the extent to which the simulations of the
SARMAP episode using the MM5 mesoscale model agree with the available data and examined
whether there are weaknesses or deficiencies in MM5 that preclude it from agreeing with the
conceptual ozone model developed earlier. This evaluation was based primarily on the work of
Seaman et al. (1995) and Seaman and Stauffer (1996).

MM5 is a non-hydrostatic mesoscale model developed at the Pennsylvania State University and
the National Center for Atmospheric Research (NCAR). Basic references for MM5 are Dudhia
(1993) and Grell et al. (1993). The model can be run in nested mode, with one or more fine mesh
inner grids communicating with a coarser mesh outer grid. This approach makes it possible to
perform very fine resolution simulations on a small area without it being overly influenced by
the lateral boundary conditions, which need to be imposed only on the outermost grid.
Typically, an inner grid has a mesh size three times smaller than the outer grid in which it is
embedded.

MM5 includes a complete set of physical parameterizations. In fact, since MM5 is widely used
in the weather research community, several types of parameterizations have been developed
for each physical process. Even the standard code supported by NCAR comes with several
different choices.

A data assimilation system is also available for MM5. It is a Newtonian relaxation or “nudging”
system, in which an extra term is added to the tendency equations. This extra term is
proportional to the difference between the model solution and the observations or a large-scale
analysis. Seaman et al. (1995) performed simulations with a triply nested grid with the inner
grid covering the entire San Joaquin Valley basin with a horizontal mesh size of 4 km and a
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vertical resolution of 30 layers from ground level to the tropopause. They used several
configurations but, for this purpose, the most important results come from three experiments:

•  A control run without data assimilation (called CNTRL)

•  A run with nudging toward a larger scale analysis for the outer grid and nudging toward
the special SARMAP observations in the inner grids (CFDA)

•  A nudging run in which only a reduced set of special observations is used, with the rest
being used for model evaluation.

Details about SAQM and the operation of the model are found in Appendix IV.

2.4.4 Study Conclusions and Recommendations
The MM5/SAQM modeling system was reviewed and it was concluded that:

•  In principle, it represents the key features of the conceptual model for O3 formation in
the San Joaquin Valley

•  Several aspects of the model related to vertical mixing and transport need to be tested
and improved.

Modeling studies are recommended to:

•  Elucidate the sensitivities of O3 to its precursors at different locations where the eight-
hour NAAQS is expected to be exceeded

•  Investigate the zones of influence of emission sources due to long-range aloft transport.

Until now, O3 and PM pollution issues have been considered independently. In the San Joaquin
Valley, exceedances of the PM and O3 NAAQS occur in different seasons. Recent studies (e.g.,
Meng et al., 1998) have shown that control strategies for O3 may have adverse effects on PM in
the same modeling scenario. Pun and Seigneur (1998) postulated that the formation of PM
(nitrates) in the San Joaquin Valley is sensitive to the availability of oxidants. Since control
strategies are seldom season-specific, measures for controlling summer O3 will certainly affect
the oxidant concentrations, hence PM (and nitrates) formation, in the winter.

Also, particulate matter has been shown to affect O3 in modeling studies through their light
extinction properties (Dickerson et al., 1997; Jacobson, 1998), typically leading to higher
photochemical activity and higher O3 concentrations aloft and lower photochemical activity
and lower O3 concentrations at the surface. Dreher and Harley (1998) postulated that this effect
may partly explain the increased O3 concentrations observed on weekends at some locations
affected by heavy truck traffic during the week. Although PM is not a significant problem
during the summer, its effect on O3 formation has never been quantified in the San Joaquin
Valley.

The effects of any control measures designed for the summer O3 problem on PM need to be
investigated. In this regard, a model that treats both PM and O3 (Seigneur et al., 1999a) is
required for air quality studies in the San Joaquin Valley.
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2.4.4.1 Implications to the CCOS 2000 Field Study
Field Measurements and Data Analysis

Table 6 summarizes recommendations regarding the field data needed to improve the
conceptual understanding of the system and to support model application and evaluation.
Field measurements needed to apply air quality models include initial and boundary
conditions. Initial conditions are not critical because the model can be run for a period of time
to flush these initial conditions out of the domain (spinup period). Boundary conditions, on the
other hand, are very important. They are needed at the edges and top of the modeling domain.
Clean air concentrations should not be assumed at the edge of the domain because aircraft
measurements have shown that the polluted air mass can extend for several kilometers
offshore. Therefore, measurements are needed at the boundaries of the modeling domain for O3

and its precursors.

The lack of information at the top boundary of the modeling domain has traditionally been a
major source of uncertainty in model predictions. Since the SAQM model domain extends to
the free troposphere, aloft measurements of O3, VOC, and NOx at a few locations will be needed
for model performance evaluation purposes.

It is recommended that in future experimental campaigns, meteorological data be obtained in
an area extending somewhat beyond the area of interest, especially in the regions where strong
advection may be expected. Such data would be used with Four Dimensional Data Assimilation
(FDDA) in MM5 to better characterize mesoscale wind flow patterns that extend to the edges of
the modeling domain (e.g., flow up the Sacramento Valley from the flow divergence that occurs
east of the Carquinez Straight). It would also be useful to obtain measurements of ground
temperature and moisture or surface fluxes at various points throughout the domain. This
information would be used in evaluating the causes of surface temperature over prediction by
the model.

Even though significant improvements were made for the San Joaquin Valley emissions
inventory in the 1990 field study, reconciliation with ambient data still indicates significant
uncertainties in VOC emissions. Continuing efforts are needed to provide better emissions
estimates for biogenic, mobile, oil production, and mobile source emissions. uninventoried
sources. Based on reconciliation with ambient data, there are some concerns that the biogenic
inventory may be overestimated. Biogenic compounds are highly reactive, and are, therefore,
not prone to accumulation in the ambient atmosphere. Since exceedances of the new eight-hour
O3 standard are likely at rural locations with high biogenic VOC emissions, the formulation of
effective strategies for these areas will require accurate biogenic emission inventories and
proper representation of biogenic reactions in the chemical mechanisms. Major differences in
the anthropogenic emissions inventories are observed between the weekday and the weekend.
The effects of changes in NOx and VOC emissions on O3 concentrations should be studied using
both data analysis and modeling approaches.
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Table 6. Field Measurements to Improve the Conceptual Model and Support Air Quality Modeling

Data Use
Emissions Inventories (mobile sources, biogenic
sources, oil production, uninventoried sources)

Emissions input

Meteorological data (winds, temperature, RH)
especially aloft, mixing layer height (including areas
beyond the immediate area of interest); ground
temperature and moisture or surface heat and
moisture fluxes

Meteorology model input (FDDS), evaluation of
meteorological model predictions (e.g., the
boundary layer parameterization).

O3 and precursors at boundaries of modeling
domain and within domain (surface and aloft)

Boundary conditions/Initial conditions
Operational (surface O3) and diagnostic model
evaluation (surface precursors, aloft O3 and
precursors)

Photochemical products (e.g., HNO3, PAN, H2O2,
organic peroxides)

Diagnostic model evaluation; assessment of the
sensitivity of oxidants to precursors

NO2, PAN, and other nitrogen species Diagnostic model evaluation
NO3 and other radicals (OH, HO2/RO2) Diagnostic model evaluation
Dry deposition fluxes of NO, NO2, HNO3, PAN,
VOC, and O3 over a range of surfaces and
atmospheric conditions

Assessment of key mass fluxes, diagnostic model
evaluation

A key feature of the conceptual model is that high O3 concentrations are preserved aloft at night
because the thermal inversion insulates the aloft layer from the effects of surface NOx

emissions. The contributions of sources in different upwind areas to the aloft O3 need to be
analyzed. In addition, the effects of aloft point sources need to be studied to determine the
zones of influence and dispersion characteristics of such sources. The nocturnal jet at 200 to 400
m may provide the vehicle for long range transport of these pollutants. To understand the
impact of aloft transport, aloft winds and pollutant concentrations need to be accurately
predicted by the meteorology/air quality modeling system. Aloft measurements of wind and
concentrations must be taken at sufficient temporal and spatial resolution to provide for data
assimilation (meteorological model) and model evaluation (meteorological and air quality
models). While SJVAQS/AUSPEX seemed to have provided enough upper air meteorological
data to support data assimilation (except in the northern part of Sacramento Valley), the
concentration data were obtained much less frequently by aircraft. More aloft concentration
data should be collected to allow for better characterization of the magnitude of aloft transport.

Measurements of H2O2/ROOH and HNO3 are useful for estimating the relative sensitivity of O3

to VOC and NOx at urban, suburban, and rural locations. The sensitivities may be a function of
location and meteorology. For example, some evidence indicates that the San Francisco Bay
Area is in a VOC-sensitive regime during summertime, while most of the San Joaquin Valley
appears to be more sensitive to NOx. Sensitivities of O3 to its precursors in the northern part of
the San Joaquin Valley may alter as a result of increased transport from the San Francisco Bay
Area.
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In addition to measuring the relevant indicator species (e.g., HNO3, H2O2, NOy), a more
comprehensive modeling study is recommended for evaluating the indicator approach (e.g.,
Sillman, 1995) under different meteorological scenarios.

The NOx and NO2 measurements suffered from interference from oxidized nitrogen species
such as PAN and HNO3. Accurate measurements of NOx and NO2 are important both for the
understanding of the characteristics of air masses of different chemical “age” and for model
evaluation purposes.

Nitrate radical measurements were taken during the SJVAQS/AUSPEX. The concentrations of
nitrate radicals in the San Joaquin Valley were sufficient to oxidize organic compounds at the
same rate in the evening as they are oxidized by OH during the day (Smith et al., 1995). This
was an unexpected conclusion as VOC oxidation at night by nitrate radicals is typically
expected to be two orders of magnitude slower than the day-time process initiated by OH
(Atkinson, 1997) . This conclusion shows that it is important to measure other radical species in
addition to NO3, especially OH, HO2, and RO2, which have never been measured in large-scale
field programs in the San Joaquin Valley.

In addition to O3 fluxes, dry deposition fluxes of precursors and products are needed to provide
a better understanding of the pollutant removal processes within the Valley. Measurements of
deposition fluxes of NO, NO2, HNO3, PAN, and VOC are needed over a range of surfaces and
atmospheric conditions.

Model Development

Specific areas recommended for model development of MM5 are:

•  Use optimal interpolation to analyze the data to assimilate various types of data with
different error characteristics.

•  Reduce as much as possible the numerical diffusion by using better algorithms.

•  Use a full radiation scheme and use a PBL scheme that is not overly sensitive to surface
temperature in its definition of the PBL height.

Specific areas recommended for model development of SAQM are:

•  Implement advanced subgrid-scale treatment of plumes.

•  Evaluate the performance of the dry deposition module.

•  Resolve mass adjustment by modifying the processing procedures of MM5 outputs.

•  Resolve vertical transport inconsistencies.

•  Test surface layer submodel and modify as needed.

2.4.4.2 Implications to Electric Power Producers
A key feature of the conceptual model is that high O3 concentrations are preserved aloft at night
because the thermal inversion insulates the aloft layer from the effects of surface NOx

emissions. The contributions of sources, such as existing or proposed electric power plants, in
different areas upwind to the aloft O3 need to be analyzed. In addition, the effects of aloft point
sources (power plants) need to be studied to determine the zones of influence and dispersion
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characteristics of such sources. Such studies should employ the best data and modeling tools
available to ensure that the potential impacts of power plant emissions are not over-estimated.
Power plants in Pittsburg, Antioch and Yuba City come to mind when reviewing potential aloft
sources of upwind NOx emissions.

2.5 Comments on Field Program Plan for the California PM2.5/PM10 Air Quality Study
The complete final report for this study is provided in Appendix V of this document.

2.5.1 Study Background
Several knowledge gaps were identified in the conceptual models for PM formation in the
California San Joaquin Valley, in Section 2.1 of this document. To verify Watson et al.’s
conceptual model, specific measurements for assessment were recommended:

•  The effects of mixing in the morning and early afternoon, the influence of stratus clouds
on secondary aerosols

•  The extent of oxidant production (surface and aloft)

•  The importance of aqueous sulfate production

•  The magnitude of aloft transport in the winter.

In Section 2.1, the conceptual model of Watson et al. (1998) was augmented and the need to
understand the formation of atmospheric oxidants during the winter season was emphasized.
Oxidants play an important role in the production of secondary compounds, including HNO3

(precursor to particulate nitrate), sulfate, and SOA. In the fall, the areas that need to be studied
include:

•  The sources of fugitive dust

•  The dispersion processes responsible for the subregional distribution of PM

•  The limiting reagent (i.e., HNO3 or NH3) for the formation of ammonium nitrate.

Table 7 summarizes the key areas of uncertainties and the measurements that may be taken to
reduce those uncertainties. The field data needs are discussed further in the following.

It should be noted that, unlike summaries of reports summarized in earlier sections of this
report, disproportionately large portions of the original work are summarized and included in
the following. It is viewed that this particular report provided a unique opportunity to present
a fresh perspective and input to the planning of the PM study. Accordingly, it is important to
represent a more detailed look at work in this study area.

2.5.2 Study Objective
•  Review and determine the adequacy of the augmented conceptual model for PM

formation in the San Joaquin Valley.
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Table 7. Knowledge Gaps

Question Information Needed
Proposed Measurements in the

Field Program Plan

Re: Ammonium Nitrate

Is NH3 abundant for
NH4NO3? Everywhere in the
Valley?

During all seasons?

Ammonia inventory, spatial
coverage, area sources, non-
winter conditions.

Measurements of NH3, HNO3, and
NH4NO3.

Emission study (ES), special fall study
in the vicinity of an ammonia source.

5 sites during winter episodes (HNO3

and NO2 separation if possible).

What chemical processes
are responsible for the
formation of HNO3?

Diurnal profiles of NO, NO2, NO3,
HNO3, OH, O3, including in fog.

Spatial and Temporal distributions
of fog and clouds.

Measurements of solar radiation in
fog.

NO, NOy, NH3, HNO3, O3 winter study
continuous sites 5 minutes.

Fog observed at airports and
backbone sites.

Solar radiation only measured at
routine sites.

Is the formation of HNO3

limited by oxidants or NOx?
Same as above. Same as above.

Is the formation of oxidants
limited by VOC or NOx?

Evaluation of the gas-phase
chemical mechanisms and the
indicator approach in the winter
season (through modeling studies
and field data, see below).

H2O2, HNO3/PM nitrate
measurements.

No continuous H2O2 measurements.

Re: Secondary Organic Aerosols

What is the abundance of
SOA during non-winter
seasons?

PM OC profiles for primary
sources, especially tracer-based
profiles in the San Joaquin Valley..

Ambient organic PM composition.

ES.

Anchor sites.

What are the precursors of
SOA?

Anthropogenic and biogenic VOC
inventory.

Understanding of gas-phase
reactions forming condensable
compounds (laboratory research
and data analysis).

ES.
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Question Information Needed
Proposed Measurements in the

Field Program Plan

Re: Sulfate

Is the sulfuric acid formed
neutralized by NH3?

Inventories of NH3 and SO2. ES.

What are the key chemical
processes (gas-phase and
aqueous-phase) for the
formation of sulfate?

Measurements of OH, SO2, O3,
H2O2, Mn2+, Fe3+, RH, pH,
particulate water, including low
concentrations in fog.

Understanding of pH evolution and
buffering capacity within fog
droplets (laboratory analysis of fog
composition, including organic
buffering agents).

Spatial and temporal distribution of
fog and clouds.

No continuous measurements for
H2O2, OH; SO2 at only one
(Bakersfield) site.

Only total Fe, Mn, ions during
episodes.

Nine RH sites with 5-minute data. No
continuous monitor for particulate
water (maybe fog study?) Any
collection of fog droplets?

Limited fog observations likely taken
at airports, nephelometers at
backbone sites.

Re: Primary Sources

How to improve receptor
modeling?

Better profiles for primary sources
(dust, mobile, burning): SJV
specific, fingerprint compounds.

ES.

Re: Horizontal Transport

Where does aloft transport
take place?

Measurements of wind speeds as
a function of time and height.

7 sites during episodes, 2 – 6 /day.

What is the extent of upper
air transport of precursors?
PM?

Measurements of diurnal upper air
meteorology and concentrations of
O3, NOx, VOC, SO2, HNO3, PM

Wind speed, direction, temperature,
RH daily or 2-7 times / day. Aloft
concentrations not measured except
PM measurements aloft during one
episode (to be compared to elevated
Sierra sites).

What is the range of
surface level transport
during the fall?

Surface meteorology
measurements taken at PM
monitoring sites.

PM size measurements (used to
estimate deposition life time of
particles).

Sensitive, fast wind and RH monitors
at core sites. Wind measurements at
transport sites.

Daily 5-minute particle size distribution
at 3 core sites for annual study.

What are the influences of
widespread area sources
(fall)?

PM emission inventories for
geological material sources,
uninventoried sources.

ES.
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Question Information Needed
Proposed Measurements in the

Field Program Plan

Re: Vertical mixing

Is upper air transport
responsible for dispersion of
pollutants?

Measurements of temporal and
spatial variations of mixing height.

Concentration profiles of PM and
precursors in the vertical direction.

Aircraft study (winter special study,
spatial variability), 2 to 6 soundings
per day during winter episodes at 4
sites.

Aloft concentration measurements not
planned.

Re: Wet deposition

What are the wet deposition
fluxes?

Size fractionated fog samples.

Collection of settled fog droplets.
Measurements of sulfate, nitrate,
OC, other elements/ions.

Fog study at Angiola tower may
include some fog droplet sampling.

Is re-suspension of PM a
concern after a fog
episode?

Fog/PM/PM component fluxes
during / after fog episodes.

Same as above.

Re: Dry deposition

What is the extent of dry
deposition?

Direct eddy flux measurements of
PM and precursors over a range of
surfaces and under a range of
meteorological conditions (tower or
aircraft).

Dust deposition/suspension
experiments planned. Gases and fine
particles mentioned for deposition
experiments at the tower, but no
details available.

2.5.3 Study Findings
Gas-Phase Measurements

Gas-phase data are needed for both the precursors of secondary PM and for oxidants. These
data are important not only for the evaluation of chemical pathways for the formation of
sulfate, nitrate, and secondary organic aerosols, but also for the evaluation of the gas-phase
chemical mechanism used in the host air quality model. Gas-phase data from routine
monitoring stations will be supplemented with five-minute NOy/NO data and light
hydrocarbons samples collected every sixth day in the annual study. For the winter study,
continuous monitors are proposed for NOy, NO, NH3, SO2, HNO3, and O3. Light and heavy
hydrocarbons will be measured with five or six hour samples during PM episodes.

Missing in this list are NO2, VOC other than hydrocarbons (such as oxygenates), and other
radical and oxidants such as OH, H2O2, and NO3. Although NO2 may be separable from NOy

measurements, NO2 should be measured independently because it is the immediate precursor
to HNO3, the probable limiting reagent for ammonium nitrate (NH4NO3) according to the
conceptual models. With accompanying measurements of other nitrogen species, the important
processes responsible for the formation of nitric acid and the limiting reagent in the system may
be inferred.
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Oxygenated organic compounds, such as aldehydes and ketones, are primary VOC as well as
intermediate products of the atmospheric oxidation of VOC. Aldehydes contribute significantly
to oxidant formation through their photolysis and atmospheric reactions. In addition, both
aldehydes and ketones can provide useful information on the extent of reactions of organic
compounds. AER recommended measurements of these compounds to initialize the model and
are also very useful for the evaluation of chemical mechanisms. Note that chemical mechanisms
for oxidant formation have not been evaluated for cool and wet conditions. OH is obviously a
key gas-phase oxidant for both NO2 and SO2. H2O2 (possibly also organic peroxides, ROOH) is
an important aqueous oxidant for SO2. NO3 is a precursor to HNO3, both in the aqueous phase
and gas phase when photolysis is reduced. Although ozone will be continuously monitored in
the winter study of CRPAQS, an ozone monitor with sufficient sensitivity for measuring ozone
in the fog has yet to be identified. Measurement of these radicals and oxidants will yield
information directly relevant for understanding nitrate and sulfate chemistry.

Gas-phase measurements of ammonia and nitric acid during the annual study are
recommended for use in determining the relative abundance of the precursors to NH4NO3 in
the spring, summer, and fall. Higher temporal resolution (e.g., hourly data) may be beneficial
for understanding emissions and chemical reactions of primary organic compounds. Five-
minute measurements may be unnecessary for some of the other compounds, especially
secondary compounds such as NOy. Intermittent sources of NH3, NOx, and SO2 may be
detected using high resolution data; however, inference regarding the location of the source
and the duration of the emission activity may be difficult under calm conditions.

Watson et al. (1998) postulated that the production of secondary aerosol, including sulfate and
nitrate, takes place aloft and in cloud droplets. Therefore, it was recommended that
measurements of aloft concentrations of precursor gases (SO2, NOx, NH3) and oxidants (O3,
H2O2) should be taken to verify those aspects of their conceptual model. In addition, this
information is useful in assessing the extent of vertical mixing at various times of the day, the
importance of aloft production of oxidants, the importance of aloft transport of PM precursors
and oxidants from upwind areas such as the San Francisco Bay Area, and the efficiency of
upper air transport as a mechanism for pollutant dispersion within the San Joaquin Valley (e.g.,
for NH3).

Particle Measurements

There is a strong emphasis on particle measurements in the Field Program Plan: continuous
measurements of PM10, PM2.5, size distribution, light scattering, and PM2.5 components at
resolution of 5 minutes (sulfate, nitrate, elemental carbon/organic carbon) to 6 hours. PM size
distributions in the fall are useful for estimating deposition rates of geological particles and the
zones of influences of the emission sources. Indirect evidence may also be obtained from the
size distribution regarding the dominant processes for the production of secondary
compounds. For example, sulfate of gas-phase origin tends to deposit onto smaller particles
than sulfate formed in the aqueous phase (Hering and Friedlander, 1982; Meng and Seinfeld,
1994; Hering et al., 1997).

The special study of fog intensity and composition should address some of the questions raised
in IMS95. Since details of the fog study to be conducted at Angiola tower were not available
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when the report was prepared; it could not be assessed whether additional measurements
should be recommended. The following areas require additional research:

•  The agent(s) responsible for the unexplained fog buffering capacity observed in urban
fog droplets

•  Accurate measurements of oxidants (O3, H2O2), catalysts (Fe or Mn), and SO2 at low
levels to confirm the relative importance of the sulfate-forming reactions

•  Wet deposition fluxes of fog water and fog components such as nitrate, sulfate,
ammonium, and organic compounds.

Surface and Upper Air Meteorological Measurements

The temporal and spatial variations of the mixing layer height have a strong impact on the
dispersion and transport of PM and PM precursors. A special study is scheduled during the
winter of 2000 for an aircraft investigation of the spatial variations of the mixing layer depth.
During the winter episode, 17 stations will be operational with radar profilers and
radioacoustic sounding systems (RASS), and 10 stations will be equipped with sodars for
continuous (15 minute) measurements (versus 11 radar profilers/RASS and 1 sodar during the
annual study). In addition, two to six soundings will be made at six upper air radiosonde
stations to measure wind, temperature, and relative humidity as a function of height. The
backbone network contains only 11 stations that make one to two soundings per day. Higher
spatial and temporal resolutions are desired for both the annual study and the intensive studies
in the fall and winter to characterize the mixing conditions in the San Joaquin Valley and to
provide information from which the impacts (time, location) of aloft transport may be inferred.

Measurements of solar radiation are essential to assess the importance of NO3 as a precursor for
the production of HNO3. Fog reduces the amount of radiation available at the surface and
reduces the photolysis rate of NO3. Together with increased water content, the accumulation of
NO3 may increase the importance of N2O5 hydrolysis as a pathway for the formation of HNO3.
To properly analyze the production of nitrate, measurements of solar radiation are
recommended, especially during a daytime fog episode.

The spatial and temporal distribution of fog and clouds may be an important factor affecting
the efficiency of the production of nitrate and sulfate. Fog observations are made at the airports
by automatic surface observation systems and at the backbone sites, indirectly, by
nephelometers. Information about the vertical extent of fog is, however, limited to the
observations of the special study. The spatial and temporal extent of clouds may be observed by
satellites, but the use of satellite data is not currently included in the Field Program Plan.

Vertical Mixing and Aloft Transport

The impacts of aloft transport and reaction processes are key areas of uncertainty in the
conceptual models and are related to vertical mixing within the San Joaquin Valley. The mixing
layer height during the day is variable in time and in space. Different estimation techniques
tend to result in inconsistent answers. Since PM correlates well with aloft temperature, which
can be related to atmospheric stability, a consistent understanding of the daytime mixing layer
is needed to evaluate the dispersion processes of PM.
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Evening inversion plays an important role in trapping emissions within a shallow layer next to
the surface, resulting in increased concentrations of PM (and probably precursors as well) at the
urban sites. The conceptual model in Section 3 of the Field Program Plan states that as the
inversion layer breaks, the trapped material is mixed into the “valley wide” layer aloft; this is
where chemical reactions take place to produce secondary compounds such as HNO3 during
the day. Stronger winds aloft are postulated to be a mechanism for the dispersion of pollutants.
This conceptual model seems simpler than the conceptual model, shown in Section 2.1 of this
document, developed by Pun and Seigneur (1998a) based on the findings of Dye et al. (1997).
Dye et al. found that the atmosphere within the San Joaquin Valley is typically divided into
three layers (Figure 10). Wind speeds with the surface layer are typically low. The upper mixed
layer is characterized by uniform wind flows at higher speeds (up to 10 m/s). According to Dye
et al. (1997), this layer is between 1 and 2 km.

 

(Source: Dye et al., 1997)
Figure 10. Vertical Layers in the San Joaquin Valley

It is not clear in the Field Program Plan which layer is the so-called “valley wide” layer and
where aloft transport, suggested by the conceptual model, takes place. Watson et al. (1998)
described the mixing situation as follows.

During winter nights and mornings, a shallow (30 to 50 m above ground level) radiation
inversion forms, which only begins to couple to the valley-wide mixed layer between 10:00 and
12:00 Pacific Standard Time (PST), and reasserts itself after sunset at 18:00 PST.

From this description, the valley-wide mixed layer seems to be the equivalent of the decoupled
surface layer depicted in Figure 10. That the wind speed in the decoupled surface layer
(typically less than 5 m/s) can be responsible for the aloft transport inferred in the model,
should be confirmed. Another possibility is that transport takes place in the upper mixed layer.
Upper air measurements to characterize the height of this layer, and concentration
measurements aloft to understand the vertical extent of mixing in the afternoon could be useful.
Currently, no upper air measurements of chemical/PM concentrations are planned. Ground
level measurements at elevated sites are proposed; however, they will characterize the Valley
slopes and may not represent aloft conditions in the center of the valley. A winter special study
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is planned to compare PM measurements taken at 250 m above ground level in the valley and
those taken at the Sierra Foothills sites. There is no back-up plan, however, to study the aloft
concentrations of PM and their gaseous precursors if the foothill sites are found to be
unrepresentative of concentrations aloft in the valley.

Data for Receptor Modeling

Receptor models are particularly useful tools for understanding the source contributions of
primary sources. The requirements of running a receptor model such as chemical mass balance
are accurate ambient measurements of PM composition and detailed source profiles specific to
the area of interest. Key areas of uncertainty include fugitive dust profiles, motor vehicle
emissions categories such as cold start, running losses, and exhaust, and various vegetative
burning profiles. Accurate measurements of PM source profiles (specific for the San Joaquin
Valley) and the measurement of compounds that provide source signatures will extend the
resolution of CMB to a larger number of sources and allow more accurate determination of
source contributions of all relevant sources.

Data Needs for PM Air Quality Model Evaluation

The data needed for executing and evaluating PM source models are discussed in Section 2.3 of
this document and by Pun and Seigneur (1998b) and are summarized in Table 8. The
meteorology and chemistry measurements proposed in the Field Program Plan should form a
reasonable database for model execution and evaluation. Several areas, however, require
supplemental data.

In general, additional aloft measurements of meteorology are desirable. The planned
measurements combine continuous measurements (11 radar profilers/RASS and 1 sodar during
the annual study; 17 radar profilers/RASS and 10 sodars during the winter study) with
radiosondes (twice per day during the annual study and up to six times per day during winter
episodes). The continuous measurements provide 15-minute temporal resolution for wind
speed, wind direction, and temperature data. However, the range of radar profilers (wind
measurements) and RASS (virtual temperature measurements) are limited to 500 to 800 m,
respectively, while sodars can measure wind speed and direction up to 2000 m. The ranges of
the continuous measurements fall short of the decoupled layer. Radiosondes, which obtain data
from 0.1 to 10 km above ground level, are only launched two to six times a day during
CRPAQS.

Other improvements are also desired in the meteorology network. The spatial and temporal
variations of mixing height and observations of fog and clouds are important inputs for data
analysis and for the meteorological model. In addition, measurements of solar radiation during
a fog episode will aid the testing of the current assumptions made in air quality models and
provide useful information to refine chemical kinetic calculations within the fog module.
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Table 8. Data Needs for Episodic Modeling

Data Spatial Resolution
Temporal

Resolution
Proposed Measurements in the  Field

Program Plan
Meteorology
Wind Speed and
Direction

Surface and Aloft < 1 hour * Surface/tower: 1-5 min; aloft: 4-7
radiosondes twice per day to 2-6 times
per day (w); 15-min average data from
11 to 17 radar profilers, 1 to 10 sodar

Temperature Surface and Aloft < 1 hour Same as wind measurements for
radiosondes; 15-min average data from
11 to 17 RASS

Mixing Height Surface or Aircraft < 1 hour Winter aircraft measurements (f?),
temperature profile soundings 2-6 times
per day at 4 sites (w)

Relative Humidity Surface and Aloft < 1 hour Surface: 5 min, aloft 2-6 times per day
at 4 sites (w)

Solar Radiation Surface and Aloft < 1 hour # Radiation at backbone sites only (f?)
Fog / Clouds Surface and aloft

(coverage and depth)
< 1 hour Fog/cloud observations probably

obtained at airports (f?)
Emissions
(PM-2.5, PM-10,
Precursor Gases)

Details of emission study unavailable

Profiles (Anthropogenic
and Biogenic)

Representative
Sources

Not applicable

Emission Factors Major Sources 1 to 4 hours
PM-2.5 / PM-10
Total Mass Surface and Aloft 1 to 4 hours 10 min (annual, winter anchor sites)
Sulfate Surface and Aloft 1 to 4 hours 5 min (PM-2.5 winter anchor sites)
Ammonium Surface and Aloft 1 to 4 hours 24 hour
Nitrate Surface and Aloft 1 to 4 hours 10 min (PM-2.5 winter anchor sites)
Elemental carbon Surface and Aloft 1 to 24 hours 30 min (PM-2.5 winter anchor sites)
Organic carbon
(speciated)

Surface and Aloft 1 to 24 hours OC 30 min, speciation 5-6 hours (PM-
2.5 winter anchor sites, episodes)

Chloride Surface and Aloft 1 to 4 hours 3-6 hours (PM-2.5 winter anchor sites,
episodes)

Gases No aloft gases measurements planned
(except for a special winter study)

O3 Surface and Aloft 1 hour 5 min (winter anchor sites)
NO Surface and Aloft 1 hour 5 min (winter anchor sites)
NO2 Surface and Aloft 1 hour 5 min (winter anchor sites; separated

from NOy if possible)
VOC (Speciated) Surface and Aloft 1 to 4 hours 5-6 hours (hydrocarbons only;

no oxygenates such as aldehydes)
HNO3 Surface and Aloft 1 hour 5 min (winter anchor sites)
NH3 Surface and Aloft 1 hour 5 min (winter anchor sites)
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Data Spatial Resolution
Temporal

Resolution
Proposed Measurements in the  Field

Program Plan
H2O2 Surface and Aloft 1 hour None
Organic Peroxides
PAN

Surface and Aloft
Surface and Aloft

1 hour
1 hour

None
Lumped into NOy

OH Surface 1 hour v
HO2 Surface 1 hour None
NO3 Surface 1 hour None
CO Surface and Aloft 1 hour Backbone sites (annual, f?)
SO2 Surface and Aloft 1 hour 5 min (winter anchor sites)
Droplet Chemistry Fog Only Details of fog study unavailable
Water Content Surface and Aloft 1 hour
Sulfate Surface and Aloft 1 hour
Nitrate Surface and Aloft 1 hour
Ammonium Surface and Aloft 1 hour
Chloride H2O2 Surface and Aloft 1 hour
Sulfite Surface and Aloft 1 hour
H+(pH) Surface and Aloft 1 hour
Dissolved Fe3+ and
Mn2+

Surface and Aloft 1 hour

Wet Deposition Representative
Locations

Fog Only Details of fog study unavailable

Sulfate 1 hour
Nitrate 1 hour
Ammonium 1 hour
Dry Deposition Different Surface

Types (aircraft
measurements or
tower measurements)

Representative
Meteorology

Dust (coarse PM) deposition study at
Angiola tower
(Tower measurements of gases and
fine particles mentioned, but details
unavailable)

PM2.5

PM10

HNO3

NH3

SO2

O3

* 5-minute temporal resolution is desired during stagnation
# 5-minute temporal resolution is desired during fog
f? frequency unknown
w winter study supplements annual study with additional sites and increased frequency of observations

Emissions inventories are particularly important for the performance of PM air quality models
and should be independently verified. Coupled with accurate source profiles, source strength
(emission factors) information obtained in a separate emission study will allow the
independent evaluation of the emissions programs within the air quality modeling system.
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Emissions measurements are a critical component of a field program designed to generate a
database for model performance evaluation. A model performance evaluation is meaningless
when poor model performance can be attributed to large uncertainties in the input data.
Although details regarding the emissions study are limited, we recommend the verification of
the abundance of ammonia emissions relative to nitric acid production as a priority. The
temporal and spatial profiles of NH3 and SO2 are also uncertain. Accurate source profiles of San
Joaquin Valley sources will be beneficial to the application of receptor modeling from which the
contributions of secondary organic aerosols can be determined. In addition, a review of the
anthropogenic and biogenic VOC emissions inventories is necessary for the accurate modeling
of oxidant chemistry and SOA formation.

The particulate-phase data needed for source models of PM include both mass concentration
and composition. Since the evaluation of PM source models is a strong emphasis of the
CRPAQS field study, a fairly complete set of measurements is proposed.

These data should form a good database for the operational evaluation of a PM air quality
model, as well as the diagnostic evaluations addressing PM components and diurnal profiles.
Some redundancy has been built into the mass measurements. Several PM measurements are
also taken at high time resolutions compared to our recommendations. The redundancy and
excess resolution provide opportunities for tradeoffs in other areas. Time resolutions in the
measurements of NH3, HNO3, and other precursors (i.e., shorter averaging time) should be
increased to make them comparable to those of the PM chemical components.

Measurements of gases are important for the evaluation of the chemistry modules, which
typically have only been evaluated against data taken in warm temperatures. The biggest
challenge for CRPAQS may be to incorporate aloft measurements of PM precursors and
oxidants. Even surface measurements are inadequate for several important oxidants and
precursors, including radical species such as NO3, OH, HO2, and molecular species such as
H2O2, NO2, and PAN. Some of these species are likely to be important for the understanding of
sulfate and nitrate chemistry and should be taken during some fog episodes. Higher
frequencies of speciated VOC measurements (including oxygenated VOC, particularly
aldehydes) are also desired, because of their importance as precursors to SOA and to oxidants.

To understand the effects of fog, it is recommended that droplet chemistry be studied. This
involves collecting size-resolved fog samples both at the surface and aloft and analyzing their
composition in terms of water, sulfate, nitrate, ammonium, chloride, H2O2, sulfite, pH, and
dissolved metals. A resolution of one hour is recommended, because fog episodes typically last
less than 10 hours.

A set of measurements is needed to evaluate the prediction of fluxes in the PM air quality
model, and to ensure that there are no major compensating errors in the model. For example, if
a model over predicts wet deposition and under predicts dry deposition, it may perform well
with a test case with fog. However, if the model is then applied to an area without fog, the
predictions will be erroneous. The main fluxes of concern are emissions, advection, vertical
mixing, wet deposition, and dry deposition. Data needed for the independent evaluation of
emissions and vertical mixing were discussed previously.
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The amount of pollutants entering the valley at the surface could be determined by the
horizontal flux (concentration and wind measurements) at a well-defined point of transport,
such as a mountain pass. During IMS95, the wind flow was too poorly defined at flux plane
monitoring sites to calculate the fluxes entering the monitoring area. This conclusion was not
unexpected given the dominance of stagnation. Aloft fluxes of pollutants should also be
evaluated due to their potential importance for the transport of precursors and oxidants from
upwind source areas (such as the San Francisco Bay Area) or within the San Joaquin Valley.
These fluxes may be estimated from aircraft measurements of concentrations at a flux plane
with good characterization of upper air winds.

Wet deposition of sulfate, nitrate, ammonium, and organic compounds can be measured
directly by collecting fog samples at the ground surface and analyzing the chemical
composition.

Some dry deposition measurements are planned at Angiola. In addition to dust, fine and coarse
PM should also be studied. Dry deposition measurements of precursor gases, including HNO3,
NH3, SO2, and oxidants such as O3 are also recommended. All deposition measurements need
to be conducted under a variety of meteorological conditions, and for different surface types.
Aircraft measurements are recommended for sampling a variety of surfaces during a sampling
period of a particular type of meteorology. Well-planned tower measurements, however, are
also a viable option.

2.5.3.1 Conclusions and Recommendations
The priorities for the CRPAQS field study were identified as follows in terms of measurement
categories (not in order of importance).

Particulate matter

•  PM mass: PM2.5 and PM10

•  PM composition: sulfate, ammonium, nitrate, elemental carbon, speciated organic
carbon, chloride.

Gas-phase species

•  Precursors of PM (surface, aloft): NO, NO2, speciated VOC (including aldehydes),
HNO3, NH3, SO2

•  Oxidants: O3, H2O2, organic peroxides

•  Radicals: OH, HO2, NO3 (highest priority to OH).

Emissions

•  Source profiles, inventories of NH3, SO2, VOC with good spatial and temporal resolution
(hourly for weekday and weekend) and, for VOC, chemical speciation.

Meteorology

•  Mixing layer height: spatial and temporal resolution

•  Wind speed and direction, temperature, RH, radiation flux (surface and upper air).
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Miscellaneous

•  Dry deposition measurements of PM and precursor gases

•  Droplet chemistry for PM components and precursors

•  Wet deposition measurements of PM component

Measurements that are considered as low priority include the following:

•  Particle size distribution of PM2.5. Some size distribution of PM10 may be useful in the
fall study to characterize settling velocities of coarse PM. Although particle size
distribution of PM2.5 can provide some useful information on the chemical pathways
that led to secondary PM formation, chemical measurements of PM, precursors, and
oxidants are considered to be more important.

•  Measurements of NH3 and HNO3 near an NH3 emission source to study NH3/HNO3

limitation. Such an area should be characterized by high NH3 concentrations compared
to HNO3 concentrations and, therefore, it is not clear what information will be gained
from this study. Measurements of NH3.  It should be conducted in priority in the areas
which experience high NH4NO3 levels, i.e., receptor areas. If the NH3 source area
corresponds to such a receptor area, then, such measurements may be justified.

Duplicate measurements are very useful for evaluating the measurement techniques. The extent
of such measurement duplication must, however, be weighed against other priorities such as
sufficient spatial coverage and temporal resolution; measurements of other variables.

Tradeoffs

Based on the measurements that are proposed in the Field Program Plan and the data needs
identified in Section 2.5 of this document, the following tradeoffs are recommended. The study
design principles outlined in Section 4.1 of the Field Program Plan explained the reasons
behind the proposed measurements. One of the main objectives is to generate a database for
use in the performance evaluation of PM air quality models. Recommendations for alterations
of the study design are based on that objective.

Major tradeoff categories include:

•  More detailed measurements at a few sites versus less detailed measurements at many
sites

•  Time/space resolution versus time/space coverage

•  Measurements of some variables versus other variables.

These tradeoffs are discussed in the following.

More Detailed Measurements at a Few Sites vs. Less Detailed Measurements at Many Sites

One of the study design principles (Section 4.1 of the Field Program Plan) is that “more detailed
measurements at a smaller number of locations” are “of greater utility than less detailed
measurements at many locations.” This may not be true for model evaluation purposes. At
present, the understanding of the distribution, transformation, and especially transport of PM
is still limited. Although detailed information may aid in the basic understanding of the
formation of secondary PM and in refining the conceptual models, the data requirements may
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not be completely compatible with the construction of a quality database for model execution
and evaluation. It may be more important to test the model’s ability to reproduce the general
features of PM spatial and temporal distribution within the San Joaquin Valley rather than gain
a detailed understanding of the patterns of PM formation at a few specific locations.
Furthermore, whereas PM2.5 mass measurements are relatively easy to make, some of the
detailed measurements are pushing the sensitivities of current measurements (e.g., high
frequency particle size distribution, NH3 and HNO3 measurements) and may be relatively
uncertain. The quality of the data may affect their value. Good PM mass data at a large number
of sites may be more useful for analysis and model evaluation than detailed data at a few
locations, particularly if some of those detailed measurements have poor accuracy/precision.

The Field Program Plan posed the question “Is more frequent and more complete Aerosol
chemistry” really “preferable to a larger number of locations with only mass concentrations”?
The argument given in Section 4.1 of the Field Plan is that without chemical compositions,
elevated mass concentrations cannot be explained and remain anomalies. Determining PM
chemical composition is important. In Section 4.4 of the Field Program Plan, a number of short
duration (5 to 10 minutes) measurements are proposed for the annual and winter studies at the
anchor sites (PM2.5 mass, PM10 mass, PM2.5 carbon, PM2.5 light scattering, and PM2.5 light
absorption, and various meteorological measurements). For example, the proposed 5 to 10
minute averaging time for the PM2.5 measurements for the annual study will result in 105,120
data points per site per measurement. While these measurements may be used to identify wind
gusts and intermittent sources, their benefits must be weighed against the cost of acquisition,
storage, quality assurance, and analysis of such a large body of data for a long-term study.
Before these measurements are commissioned, one should carefully assess the expected quality
of the data, the information they will yield, how they will be analyzed, and how they will be
used to further our understanding of PM pollution in the San Joaquin Valley.

Although high time resolution data are useful in analyzing anomalous PM phenomena, the use
of the high time resolution data in modeling is likely to be limited. First, an anomalous episode
may not be a likely candidate for episodic modeling. Second, even if the anomaly is captured by
the chemical composition data, it may not be captured in the meteorology and emissions data
used to support the modeling exercise. Third, the time-scale of the intermittent elevated
concentrations may be too short to be captured by the model, whose typical time scale is one
hour. If an unexpected high PM concentration is observed, it is obviously desirable to be able to
confirm and explain it. The cost of this “frequent” and “complete” aerosol chemistry must be
weighed against the alternative cost of spatial coverage of measurements. From the point of
view of model evaluation, spatial coverage with reasonable temporal resolution (e.g., one hour)
is preferable to high time resolution data limited in spatial coverage.

In addition, resolution in time may be traded for resolution in space such that high time
resolution is obtained only at a few representative sites. Instead of 10 minute PM mass data at
three anchor sites for the annual study, hourly measurements for PM mass is recommended at
anchor and selected satellite sites, with 10 minute data at one representative site.

Time/Space Resolution vs. Coverage

In the design of a field program, tradeoffs were identified that exist between the coverage
(range) and the resolution in each of the dimensions x, y, z, and t. The spatial domain of
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CRPAQS extends from Chico to the South Coast Air Basin (NS) and from the Mojave Desert to
200 km west of San Francisco (EW) (as shown in Figure 11). The time frame for the annual
study is December 1999 to January 2001, and December 2000 to January 2001 for the winter
study (with 20 intensive days). Depending on the flexibility in the domain and the monitoring
period, tradeoffs can be made between the time resolution of the measurements and the
monitoring period, or the spacing of monitoring sites and the study domain.

The domain and lengths of the annual, winter, and fall studies seem reasonable. As discussed
in Section 2.3 of this document and in a report by Pun and Seigneur (1998b), it is essential to
include as much of the upwind emission sources as possible. Therefore, a domain that extends
north to Chico and includes the San Francisco Bay Area is appropriate. The PM National
Ambient Air Quality Standards include both 24-hour and annual average values. Actually, the
annual average value must be averaged over three years (making the standard more a three-
year running average standard than a one-year average). Therefore, the one-year period
planned for CRPAQS is a minimum and the success of the program will depend on that year
being fairly representative of longer-term averages. Twenty intensive days are planned for the
winter study. This plan should allow for four to five episodes (assuming four to five days per
episode). Seigneur et al. (1998b) stressed the importance of evaluating the performance of three-
dimensional air quality models for several episodes characterized by different meteorologies
and atmospheric chemistry. The winter study should provide a useful database to that end. We
recommend, however, that other intensive measurements be conducted at other times of the
year. Although high PM2.5 concentrations occur during wintertime, we need to assess how
emission control options that are beneficial for reducing wintertime PM2.5 will affect PM2.5

concentrations during other seasons (this is relevant to the annual standard) and O3

concentrations during summertime (this is relevant to the eight-hour average O3 NAAQS).

In summary, coverage of CRPAQS is not overstated and it would not be wise to increase
time/space resolution of the measurements by reducing the coverage.

Measurements of Some Variables vs. Other Variables

As shown in Table 8, a number of measurements were identified that need to be incorporated
into the Field Program Plan, based on our list of data needs for model evaluation. These
measurements may be traded against redundancy (and also temporal or spatial resolution) of
other measurements. They can also be traded against other measurements (which would then
be eliminated from CRPAQS). The measurements recommended to add are listed in Table 8. A
few suggestions of possible tradeoffs are presented in Table 9.
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Table 9. Possible Tradeoffs for CRPAQS Measurements

Recommended Additional Measurements Possible Tradeoffs

1. Measurements of NO2

2. Ground-level measurements of key radicals (OH,
NO3, HO2, RO2; in order of priority)

3. Measurements of H2O2

4. Particulate phase ammonium (to match the
resolution of sulfate and nitrate during an episode)

5. Measurements of oxygenated VOC (e.g.,
aldehydes)

6. Aloft measurements of gas-phase chemistry

7. Solar radiation in fog

8. Additional gas-phase measurements for the
annual study (e.g., NH3, HNO3, SO2, O3, VOC)

9. Dry deposition

10. Increased spatial (x, y) resolution of aloft
meteorology, especially mixing height.

1. PM size distribution

2. Special fall study of NH3/HNO3 limitation

3. Some duplicate measurements of PM2.5 mass,
ions, or elements during the winter study

4. Time resolution of component measurements

5. Surface meteorology sites.

2.6 Sensitivity of PM Nitrate Formation to the Precursor Emissions in the California
San Joaquin Valley

2.6.1 Background
Ambient data from the 1995 Integrated Monitoring Study (IMS95) show that areas in the
California San Joaquin Valley exceed the short-term PM2.5 National Ambient Air Quality
Standard (24-hour average concentration of 65 µg/m3). Of the key components of PM2.5,
ammonium nitrate (NH4NO3) typically accounts for close to 60 percent of PM2.5 in rural areas.
Therefore, it is important to investigate the PM-precursor relationships of NH4NO3 for the
formulation of effective PM2.5 control strategies, especially in rural areas.

In the earlier described conceptual model of PM formation in the San Joaquin Valley, in Section
2.1 of this document, It is postulated that the formation of NH4NO3 is limited by the availability
of HNO3, because NH3 emissions seem abundant in the San Joaquin Valley. HNO3 is itself a
secondary component, formed in the atmosphere as a product of photochemical reactions
involving NO2, hydroxyl radical (OH), and ozone (the O3 reaction involves intermediates
nitrate radical, HNO3, and dinitrogen pentoxide, N2O5). While NOx are directly emitted, the
radical species are produced from precursors NOx and VOC. Therefore, their formation may be
NOx-sensitive or VOC-sensitive. Clearly, the chemistry regime has important implications
toward the choice of effective emission controls.
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2.6.2 Objectives
To investigate the sensitivity of PM nitrate formation under conditions prevalent in the San
Joaquin Valley during the winter season, a modeling study was performed. This work was
designed to complement any field measurements that may help unravel the details of nitrate
chemistry in the ambient environment. The objectives were to:

•  Develop a box model that includes atmospheric chemistry and gas/particle
thermodynamics to simulate wintertime PM formation

•  Use the box model to study the sensitivities of oxidants and PM to precursors

•  Investigate the use of photochemical indicators (Sillman, 1995; Lu and Chang, 1998) to
predict the sensitivity of wintertime PM formation.

Details of the modeling are contained within the report provided in Appendix VI.

2.6.3 Findings
A box model was developed and used to investigate the response of PM nitrate to reductions in
precursor emissions within the San Joaquin Valley. The formation of nitric acid and particulate
nitrate was found to be sensitive to oxidants and to VOC emissions, as shown in Figure 11. In
fact, a decrease in NOx emissions led to an increase in PM due primarily to an increase in O3

concentrations.

The model simulations point to the fact that PM formation in the San Joaquin Valley during
winter is HNO3-sensitive, that HNO3 formation is oxidant-sensitive, and that oxidant formation
is VOC-sensitive. The conclusion that PM formation is HNO3-sensitive is also obtained if one
uses the generic analysis of Ansari and Pandis (1998). The indicator species of Lu and Chang
(1998), although developed for summertime conditions, also indicate that oxidant formation is
VOC-sensitive.

It should be noted that the box model represents some domain-averaged chemistry but cannot
characterize the locally specific chemical regimes. Further work should extend this box model
analysis to a three-dimensional modeling study so that the transport processes can be simulated
and spatial variability within the valley can be addressed.

2.6.4 Conclusions Recommendations
The work described concerning nitrates in the San Joaquin Valley complements other work
reported for the South Coast Air Basin. In 1998, Kumar, Lurmannn, and Chico, (1998) reported
their use of the Urban Airshed Model-Aerosol Module (UAM-AERO) in predicting ambient PM
concentrations during an October 17 to 20, 1995 episode in the South Coast Air Basin. Through
this effort, they were able to estimate impacts of controlling various precursor gases on
resulting PM, including nitrates. Evaluation of their results shows that a 50 percent reduction in
NOx emissions leads only to a 9 to 13 percent reduction in PM2.5 nitrates, a significantly non-
linear relationship. A 50 percent reduction in ammonia emissions was predicted to result in 20
to 34 percent reductions in ambient nitrates; a 50 percent reduction in both VOC and NOx were
predicted to decrease ambient nitrates by 21 to 23 percent; a 50 percent reductions in ammonia,
VOC, and NOx resulted in a predicted reduction in ambient nitrate of 32 to 42 percent. In
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another report, Lurmannn, et. al. (1997, pp. 268) predicted for the South Coast Air Basin that a
50 percent reduction in NOx in the fall resulted in a 42 percent increase in nitrates. This
response was due to the chemical system operating in a higher VOC-to-NOx regime where
nitric acid production was much more efficient and where there was ample ammonia to make
ammonium nitrate

 

 

Figure 11. Formation of Nitric Acid in Ambient Air

 Other work by Karamchandani, et al., demonstrated the conversion of power plant emitted
NOx to nitrate in the atmosphere. As NOx plumes are emitted and travel and disperse
downwind, different regimes occur with different atmospheric chemistry. Close in, near the
point of emission, NOx emissions scavenge ambient ozone. Further downwind, after many
hours, the diluted power plant plume then participates in atmospheric photochemical
reactions. Figure 12 demonstrates the change in plume NOx chemistry as a hypothetical power
plant (tall stack) plume is transported downwind. The early-on destruction followed by later-
on formation of ozone within the plume has important implications in the ultimate creation of
PM2.5 nitrates.

2.6.4.1 Recommendations
Having hypothesized that ambient nitrate formation in the San Joaquin Valley is oxidant and
therefore VOC limited during the winter, an important perspective was raised as the year 2000
PM study was designed. The study needs to include adequate measurements to characterize
ozone, VOC, and hydroxyl radicals during the intensive studies. Further, it is important to
understand the PM-precursor relationships of NH4NO3 as effective PM2.5 control strategies are
formulated, especially in rural areas. It is also recommended that a three-dimensional modeling
study be conducted so that the transport processes can be simulated and spatial variability
within the valley can be addressed.
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2.6.4.2 Implication to Electric Power Producers
Production of electricity using air and fuel in a combustion device (boiler or engine) results in
the production of varying emissions rates of NOx. As such, these sources are subject to potential
control of their NOx emission in order to reduce ambient concentrations of ozone and PM2.5

nitrates to attain various state and national air quality standards. Proposed new facilities often
need to provide emission offsets to receive an operating permit. Knowledge of the inter-
relationships of NOx emissions and resulting ambient concentrations of PM2.5 nitrates is
important as new emission regulations are debated and as emission offsets for new projects are
considered. Opportunities for inter-pollutant tradeoffs need to be carefully evaluated as project
proponents negotiate to trade NOx emissions for PM emissions, NOx emissions for VOC
emissions, vice versa, or with other combinations.

Another important implication is that ambient nitrate chemistry changes during the year. As
indicated for the South Coast Air Basin, opposite trends occur in the formation of nitrate
between summer and winter. Furthermore, highest ambient nitrate concentrations occur in the
fall and winter seasons. These patterns also exist within the San Joaquin Valley and need to be
considered as new projects are considered or as new emission control regulations are debated
for existing sources.

Implications of changing plume atmospheric chemistry as power plant plumes are mixed and
dispersed downwind of power plants are important as area impacts and population and
environmental exposures to ozone and PM2.5 nitrates are evaluated. These issues relate to long-
range transport of power plant NOx, and are of concern both locally and nationally as
downwind air basins look for air pollution solutions from their upwind neighbors. Within
Northern and Central California, no clear resolution has occurred in the debate about the
San Francisco Bay Area emissions and their impact on the Central Valley, and vice versa.

 
Figure 12. Change in Power Plant Plume NOx Chemistry
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3.0 Summary of Other PG&E Involvement

3.1 1995 Integrated Monitoring Study Overview Report
Within the scope of work agreed upon with the California Energy Commission and Pacific Gas
& Electric (PG&E) was the completion of the 1995 Integrated Monitoring Study (IMS95)
Overview Report. Dr. Paul Solomon of PG&E was the Project Manager for the IMS95 and had
considerable involvement and responsibility with the total program. Before Dr. Solomon’s
departure from PG&E in March of 1998, he assembled a collections of papers related to the
design, operation, measurements, and post-field activities related to IMS95. In July of 1999,
PG&E completed Dr. Solomon’s original report. The completion of the report is significant in
that it documents many of the key elements and finding of the IMS95 monitoring efforts and,
thus, lays the groundwork for future field investigations. The IMS95 Overview Report is
provided as Appendix III of this document.

3.2 Involvement with Bay Area Air Quality Management District
Mr. Sam Altshuler, Project Manager for the Regional Ambient Aerosol Study (RAAS), was also
a member of the Bay Area Air Quality Management District (BAAQMD) Advisory Council.
Through his involvement with the Advisory Council and BAAQMD staff, Mr. Altshuler was
able to bring attention to the value of the emerging Central California Ozone Study (CCOS)
program to the San Francisco Bay Area. Sitting on the Advisory Council, Mr. Altshuler
participated in many discussions related to the recent re-designation of the Bay Area as non-
attainment for the one-hour ozone National Ambient Air Quality Standards (NAAQS).

In addition, the adoption of the eight-hour NAAQS for ozone, before its remanding on May 14,
1999, stimulated discussion within the Bay Area about the need for additional knowledge and
understanding of ozone formation within the Bay Area. As a result of Mr. Altshuler’s activities
within the BAAQMD, additional focus and support was drawn out of the BAAQMD for CCOS
as it was developed. Currently the BAAQMD is contemplating a contribution to CCOS in
excess of $1 million to optimize the benefits of CCOS for the Bay Area. Specifically, the
BAAQMD is planning extensive, complementary field monitoring and modeling in the
Livermore, California, area to better understand why exceedances of the ozone NAAQS occur
at the Livermore air monitoring station, the site with the worst ozone air quality in the Bay
Area.

3.3 Technical and Policy Meetings
Mr. Altshuler, Project Manager for RAAS, and Mr. Eugene Shelar, Technical Manager for
RAAS, attended routine policy and technical committee meetings throughout 1998 and 1999. At
these meeting, perspectives of the electric utility industry were represented. Many of the
recommendations provided were directly relevant to emissions from electric fossil fueled
power plants emitting nitrogen oxide (NOx). Information about these meetings has been
submitted during the quarterly progress reports for RAAS. The contracted involvement of
Atmospheric and Environmental Research (AER) by PG&E into the review and planning
processes of California Regional PM10/PM2.5 Air Quality Study (CRPAQS) and CCOS has been
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viewed as a worthwhile effort. In addition they delivered their reports on time to be useful to
the committees. High level expertise provided included the support the CCOS program. Several
briefings were given to the California Energy Commission about the importance of this study.
Ultimately, the California Energy Commission committed $3 million to CCOS. This
contribution will help maintain a focus of study to include discussion and review about the
impacts of NOx emitted by electric power plant. With the many new power plants proposed
within California, results of CCOS should prove invaluable to the California Energy
Commission as they evaluate future air quality impacts from proposed facilities.

3.4 Weekday and Weekend Ozone Analyzes
It has been an observed phenomenon that weekend ozone concentrations are generally higher
than weekday concentrations at key locations within the San Francisco Bay Area (Altshuler, et
al., 1995). During the summer months, May through September, average weekend peak hour
concentrations were observed to be 10 to 20 percent higher than on weekdays. The term
“Weekend Effect” has been used to connote the phenomena. It was further observed that a
disproportionate number of violations of the state and federal one-hour Ambient Air Quality
Standards (AAQS) also occurred on weekends.

It was postulated that the Weekend Effect occurred as a result of changing volatile organic
compounds (VOC) and NOx emissions occurring from weekday to weekend. Assessment of
emissions suggests that weekend NOx emissions are approximately 30 percent less than
weekday emissions as a result of less bus and truck traffic, reduced industrial activity, and
reduced electric power production by fossil fueled facilities within the Bay Area. Further, VOC
emissions were estimated to decline only by about 10 percent on weekends relative to
weekdays as a results of stable biogenic emissions, stable gasoline evaporative emissions,
increased retail gasoline dispensing, and increased homeowner use of polluting lawnmowers
and other yard equipment. This relative change in emissions, when combined with an
Empirical Kinetic Modeling Approach (EKMA) model, is postulated to cause an increase in
ozone formation within the Bay Area.

The presence of the Weekend Effect was postulated to be a natural indicator of whether or not
an area was NOx limited or VOC limited with respect to ozone formation. The Weekend Effect
has important ramifications to emissions control strategies designed to reduce ambient ozone.
Strategies designed to only reduce weekday emissions, such as reducing urban commute
vehicle emissions, may not significantly impact or reduce the occurrence of ozone violations on
weekends.

PG&E researchers also observed the presence of the Weekend Effect in Monterey and San Luis
Obispo (Morro Bay) areas but not in the inland central valleys.

To augment assessment of ambient ozone experience within the San Joaquin Valley, PG&E
conducted a screening of recent ozone experience at several key sites located in the southern
end of the San Joaquin Valley. The results are shown in Figures 13 to 18. As can be seen, the
presence of the Weekend Effect was not seen at Fresno or Bakersfield. The trends seen at Parlier
are relatively insignificant compared to Bay Area experience. The absence of the Weekend
Effect within the San Joaquin Valley suggest that the area is, on average, neither VOC nor NOx
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limited with respect to ozone formation in the Valley. It is postulated, based on review of
considerable ozone data within California, that the Weekend Effect occurs in California in areas
only along the coast where significant ambient temperature gradients exist between coastline
and 20 to 50 miles inland. The cause and effect mechanism to support this hypothesis is
unknown.

Figure 13. Weekend Effect Analysis for the San Joaquin Valley, Bakersfield 1997
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Figure 14. Weekend Effect Analysis for the San Joaquin Valley, Fresno, 1995

 
Figure 15. Weekend Effect Analysis for the San Joaquin Valley, Fresno, 1996
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Figure 16. Weekend Effect Analysis for the San Joaquin Valley, Fresno, 1997

 
Figure 17. Weekend Effect Analysis for the San Joaquin Valley, Parlier, 1995
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Figure 18. Weekend Effect Analysis for the San Joaquin Valley, Parlier, 1996

3.5 Peer Reviewed Publishing of IMS95 Reports
To enhance the status and credibility of Central California air quality studies, PG&E, as part of
the RAAS effort agreed to coordinate the publishing of key papers in a special issue of
Atmospheric Environment, a premier air pollution publication. Nine articles survived the peer
review process and are slated for publication in an upcoming, special publication. Publishing
credible, peer-reviewed papers has been one of the long-term goals of the central California air
quality studies. Not only does professional journal publishing get the information out into the
public domain, but it adds credibility to the work as it is later used in designing ozone and
particulate matter (PM) control strategies. In addition, as air pollution experts review the
results, new ideas are surfaced that result in advancement of the science and engineering of
ozone control.
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4.0 Summary
Pacific Gas & Electric (PG&E), working closely with subcontractor Atmospheric and
Environmental Research (AER), was able to identify a number of important issues related to
field data needs, modeling needs, and research needs associated with:

•  The planning of the California Regional PM10/PM2.5 Air Quality Study (CRPAQS)

•  The planning of the Central California Ozone Study (CCOS)

•  The review of the 1995 Integrated Monitoring Study (IMS95).

Conceptual models were used to study the formation of both ozone and particulate matter (PM)
observed in prior major air quality studies to build understanding about the formation of ozone
and PM. From this, various air quality models were evaluated, predictions were made about
PM nitrate formation, and recommendations were made about data needs and specifications
for upcoming field studies. AER was able, through their efforts, to provide an excellent balance
of chemistry and meteorology.

A number of issues and concerns related to atmospheric ozone chemistry were linked to PM
chemistry. Specifically, emissions of nitrogen oxide (NOx) appeared to play an important role in
both the formation of ozone and PM nitrates. It was observed, however, that changes in NOx

and VOC emissions to effect a reduction in summertime ozone may be counterproductive to
wintertime PM nitrates. Opportunities for inter-pollutant tradeoffs need to be carefully
evaluated as project proponents negotiate to trade NOx emissions for PM emissions, NOx

emissions for VOC emissions, vice versa, or with other combinations.

In addition, AER delineated the importance of emissions aloft and their long range transport
compared to ground level emission. These two issues are critical to existing and planned fossil
fueled electric power plants in Central and Northern California. Ambient concentrations of
ozone and PM both exceeding various ambient air quality standards in the valley cause air
regulatory agencies to focus on optimum control strategies to achieve attainment for both
pollutants.

The importance of understanding unique atmospheric chemical reactions occurring within
power plant plumes aloft was identified and special treatment of these plumes through
enhanced plume-in-grid modules in atmospheric modeling was recommended. In addition, the
discussion about aloft transport of emissions and the need for adequate boundary
environmental data in upcoming field studies was well received in the field. Tracer releases
from Pittsburg, California, provide evidence that emissions from tall upwind point sources may
affect air quality as far downwind as the southern San Joaquin Valley. Fourteen percent of the
tracer mass was detected at the surface in the southern part of the San Joaquin Valley the
morning after the tracer release. Due to the possibility of long-range aloft transport, it is
recommended that the source model uses a mesoscale domain that includes upwind
metropolitan areas such as the San Francisco Bay Area, Monterey, and San Luis Obispo. After
the field monitoring studies for CRPAQS and CCOS are executed, the resulting air quality
models for ozone and PM should be able to more accurately address emissions from power
plants as a result of many of the recommendations provided.
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Beyond direct involvement in CRPAQS and CCOS, PG&E also coordinated the publishing of
the results of IMS95, both internally and through the peer-reviewed literature; worked to raise
the importance of CCOS within the Bay Area Air Quality Management District (BAAQMD);
and evaluated the existence of the Weekend Effect within the San Joaquin Valley.

In summary, PG&E has been a supporter of knowledge-based research to further the
understanding of important air quality issues in Central and Northern California since 1988.
California Energy Commission funding to continue PG&E’s involvement in RAAS has allowed
PG&E to continue to support these studies, representing not only PG&E’s goal to support
improved quality of life issues (improved air quality) within its service territory to support its
customers, shareholders, and employees residing in the area, but also representing the fossil
fueled power generation industry in Central and Northern California. PG&E supports the
California Energy Commission in their recent decision to provide funding in support of CCOS.
Support of CCOS will help ensure that optimum ozone and PM control strategies are adopted
in the future that will not disproportionately affect the interests of power producers. In
addition, air quality models created in CCOS will be invaluable in the review of existing and
proposed fossil fuel power plants.
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Executive Summary 
 

The main objective of this work is to develop a conceptual model for the formation of particulate 

matter (PM) in the California San Joaquin Valley in the fall and winter seasons.  A systematic 

approach was used to compile the findings of the 1995 Integrated Monitoring Study (IMS 95).  

Quantitative information is used as much as possible to build the conceptual model, whose 

framework is based on the chemical characteristics of PM and the physical processes responsible 

for the accumulation of PM. 

 

The analysis of the chemical composition was based primarily on the chemical mass balance 

(CMB) work by Magliano (1997).  Several primary sources were identified, including vegetative 

burning, mobile sources, and geological material (dust).  Ammonium nitrate (NH4NO3), 

secondary organic aerosols (SOA), and ammonium sulfate composed the secondary fraction of 

PM.  Each of these components was associated with precursor gases (e.g., ammonia (NH3), nitric 

acid (HNO3), volatile organic compounds (VOC), sulfur dioxide (SO2)) and atmospheric 

oxidants (e.g., hydroxy radical (OH), ozone (O3), and nitrate radical (NO3)).  We sought to 

identify the chemical pathways (gas-phase or aqueous-phase) leading to the formation of each 

component, and the limiting reagent in each case, so that further field work can be focused on the 

most important chemical processes and precursors. 

 

The physical transport processes analyzed were associated with mass fluxes of PM and 

precursors into and out of the atmospheric system of the San Joaquin Valley, including 

horizontal transport (surface and aloft), vertical mixing, wet deposition, and dry deposition.  

Ground-level transport was limited due to low surface wind speeds.  The effects of aloft transport 

were dependent on both the upper air wind speeds and the exchange of air between the surface 

and aloft.  Rain was not associated with the PM episodes in the fall and winter seasons, so the 

wet deposition process of concern was the removal of PM by the settling of fog droplets.  Dry 

deposition pertained to both particles and precursor gases. 
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Key aspects of the conceptual model are summarized in Table E-1. 

 

Table E-1.  Summary of Conceptual Models 

 Winter (PM-2.5) Fall (PM-10) 

Chemical Composition 

and Transformations 

Ammonium Nitrate (46%) 

��Nitric Acid Sensitive 

��Nitric Acid Formation Possibly 
Limited by Oxidants (OH, O3, 
NO3) Availability 

��Oxidants May be VOC-Sensitive 
Rather Than NOx-Sensitive 

Organic Compounds (34%) 

��Primary (e.g., Vegetative 
Burning and Mobile Sources) 

��Secondary (Anthropogenic or 
Biogenic Precursors) 

Geological Material (57%) 

Ammonium Nitrate (16%) 

 

Transport Processes Limited Ground-level Transport 

��Calm Winds 

Aloft Transport Possible 

Limited Vertical Mixing 

Wet Deposition (Fog) 

Dry Deposition Unknown 

Urban Influences (Primary Sources) 
on Regional Distribution 
(Secondary NH4NO3, SOA) 

Limited Ground-level Transport 

Aloft Transport Possible 

PM Build-up Correlates with 
Reduced Mixing Height 

Limited Wet Deposition (Mild Fog) 

Dry Deposition Unknown 

Local Influences (Geological 
Material) on Sub-regional 
Distribution (Secondary NH4NO3) 
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In the winter, PM-2.5 accounted for 70% to 80% of the PM mass measured in the rural and urban 

areas of the San Joaquin Valley.  The dominant component of PM-2.5 was NH4NO3, 

contributing an average of 46% to the PM-2.5 mass.  Of the two precursors of NH4NO3, NH3 and 

HNO3, NH3 was found to be abundant in the study area of IMS 95.  Therefore, the conversion of 

NOx to HNO3 was of interest.  There are two pathways for HNO3 formation that involve the 

oxidants OH (gas phase only) and O3 / NO3 (gas and aqueous phases), respectively.  The relative 

importance of these pathways is uncertain, although daytime production of nitrates likely 

involved OH.  Since only a small fraction of NOx is converted to HNO3 (Kumar et al., 1998), it 

was possible that the oxidation system was limited by the availability of oxidants.  During 

wintertime, these oxidants may be sensitive to VOC rather than NOx.  However, these inferences 

need to be confirmed. 

 

Primary and secondary organic compounds constituted a significant portion of PM in the San 

Joaquin Valley, contributing on average 34% of the PM-2.5 mass.  Primary components, such as 

mobile sources and vegetative burning, were strong contributors in urban areas such as Fresno 

and Bakersfield (up to 35%).  The contribution of secondary organic aerosols was typically 

determined by the difference of total and apportioned organic mass.  Schauer and Cass (1998) 

determined that a regional concentration of about 4.5 µg/m3 existed for secondary organic 

compounds in the San Joaquin Valley.  This regional background can contribute 10% to 15% of 

the total PM-2.5 mass observed at the rural sites (e.g., Kern Wildlife Refuge). 

 

Sulfates were a relatively small component of PM (6%) during the winter.  Sulfates were 

produced as sulfuric acid either in the gas phase or in the aqueous phase.  In the urban areas, 

precursor SO2 was abundant (about 3 ppb).  Daytime, gas-phase production could be a 

significant venue for the production of sulfate, although aqueous-phase production in fog was the 

focus of IMS 95.  Aqueous-phase oxidizing agents include O3, H2O2, and O2 (reaction catalyzed 

by Mn2+ or Fe3+).  Of the three reactions, the O3 and O2 reactions are self-limiting.  Their rates 

decrease with decreasing pH, which may result from the production of sulfates.  Analyses of 

IMS 95 data revealed that the O3 route was the most important of the three pathways (Collett et 

al., 1998a). 
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Stagnation was the single most important factor for the accumulation of PM within the San 

Joaquin Valley.  During a stagnation event, the ground-level wind speed was typically less than 2 

m/s, and, on some occasions, diffusion dominated over advection as the mode of pollutant 

dispersion.  Ground-level transport was not a likely mechanism for distributing PM and 

precursors.  Wind speeds aloft were typically higher (up to 10 m/s) and long-range transport aloft 

was a possible mechanism for pollutant dispersion.  Vertical mixing was generally limited to less 

than 100 m at night and from 125 to 1100 m during the day.  Midday vertical mixing of aloft air 

could be responsible for introducing precursors, transported aloft from upwind areas, to the 

southern part of the San Joaquin Valley. 

 

Fog was prevalent in the valley during the winter season.  In addition to serving as aqueous 

reactors for the production of secondary sulfate and possibly nitrate, fog droplets also facilitate 

the wet removal of PM ammonium, sulfate, and nitrate when they settle to the ground.  Pandis et 

al. (1998) concluded that the net effect of fog episodes was the removal of nitrate and 

ammonium.  Sulfates were removed at some sites while produced at others (e.g., Bakersfield). 

 

Dry deposition was not studied during the winter study of IMS 95. 

 

The fall study of IMS 95 was held in the Corcoran vicinity.  The fall PM issue differed from the 

winter one in several aspects: (1) PM-10 exceeded the 24-hour average National Ambient Air 

Quality Standard, (2) geological material was the dominant component (57%) while NH4NO3 

only accounted for 16% of PM-10, (3) vegetative burning was not a significant source, (4) fog 

was patchy.  Fewer details were available for the fall analysis.  It was expected that the 

production of NH4NO3 would be sensitive to HNO3, based on results from the winter IMS 95 

and a previous analysis of summer photochemistry (Lu and Chang, 1998).  However, further 

research is needed to understand the production of oxidants during the fall season and to assess 

the sensitivity of oxidants and HNO3 to VOC and NOx precursors.  Excess organic compounds 

(OC) (unapportioned primary OC and SOA) contributed 10% to the PM-10 mass.  A CMB 

analysis using tracer-based profiles may decipher this category further. 
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PM build-up in the Corcoran area correlated well with the 850 mb (1500 m or 5000 ft) 

temperature at Oakland airport, indicating that meteorology was responsible for the build-up of 

PM-10.  A sub-regional build-up theory was supported by the zone-of-influence study, which 

identified a 5 to 15 km spatial distribution scale.  Geological material was likely to be generated 

locally (a neighborhood scale of influence of 1 km was also identified), and contributed to higher 

PM measurements at the industrial sites relative to the residential and agricultural sites.  

However, no meteorological data were available at the monitoring sites to confirm the 

contribution of local wind-blown dust.  The ground-level wind speed was typically less than 2 

m/s, indicating the lack of surface transport.  Aloft transport could not be evaluated without aloft 

wind speed, concentration, and mixing height data.  Since fog was patchy, wet deposition was 

expected to be limited.  Dry deposition of gases and PM was not investigated during the IMS 95 

fall study. 

 

The following key gaps in current knowledge were identified in the formulation of the 

conceptual model: 

�� Abundance of NH3 with respect to HNO3 in areas other than the IMS 95 monitoring domain 

in the San Joaquin Valley and during spring, summer, and fall 

�� Production route of HNO3 and key oxidants (OH or O3 / NO3) 

�� Sensitivity of the oxidants to VOC and NOx 

�� Precursors (anthropogenic and biogenic) of SOA 

�� Production route(s) of sulfate 

�� Buffering capacity of fogs and oxidant concentrations in fog 

�� Composition profiles of key San Joaquin Valley PM sources (geological material, vegetative 

burning, mobile sources) 

�� Aloft transport as a dispersion mechanism for PM and precursors 

�� Dry deposition of PM and precursors 
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1. Introduction 
 

1.1 National Ambient Air Quality Standards (NAAQS) for Particulate Matter (PM) 

 

The U.S. Environmental Protection Agency (EPA) promulgated new National Ambient Air 

Quality Standards (NAAQS) for particulate matter (PM) in 1997.  The standards pertain to 

particles with aerodynamic diameter of less than 10 µm and those with aerodynamic diameter of 

less than 2.5 µm: 

 

• = Annual average PM-10: Three-year arithmetic average of the annual arithmetic average PM-

10 concentrations not to exceed 50 µg/m3 at any monitoring site. 

• = 24-hour average PM-10: Twenty-four hour average PM-10 concentrations not to exceed 150 

µg/m3 for a three-year arithmetic average of annual 99th percentiles at any monitoring site. 

• = Annual average PM-2.5: Three-year arithmetic average of the annual arithmetic average PM-

2.5 concentrations not to exceed 15 µg/m3 for a single community-oriented monitoring site or 

the spatial average of eligible community-oriented sites. 

• = 24-hour average PM-2.5: Twenty-four hour average PM-2.5 concentrations not to exceed 65 

µg/m3 for a three-year arithmetic average of annual 98th percentiles at any population-

oriented monitoring site. 

 

Limited PM-2.5 measurements from central California indicate that the annual 15 µg/m3 

standard will probably be exceeded in several populated areas, especially in the San Joaquin 

Valley (Watson et al., 1998).  These annual average concentrations are dominated by elevated 

concentrations that occur primarily during fall and winter.  In addition, the 24-hour standard 

value for PM-2.5 (65 µg/m3) was exceeded several times during the Integrated Monitoring Study 

of 1995 (IMS 95) and the 24-hour standard value for PM-10 (150 µg/m3) was exceeded twice 

during IMS 95. 
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1.2 1995 Integrated Monitoring Study 

 

IMS 95 was the planning study of the comprehensive data collection and modeling effort titled 

California Regional PM-2.5 and PM-10 Air Quality Study (CRPAQS).  Under IMS 95, two 

studies were undertaken during the fall and winter of 1995 to understand the formation of PM in 

the San Joaquin Valley.  The study domain of IMS 95 is shown in Figure 1-1. 

 

Fall Study: The fall study was performed in the city vicinity of Corcoran, CA, with one core site 

(community-representative / community-oriented site) and 22 satellite sites.  The satellite sites 

were set up to collect ambient samples in agricultural, industrial, and commercial/residential 

neighborhood areas.  Twenty-four hour average PM-10 samples were acquired daily from 

11/1/95 to 11/14/95 at all locations.  Daily 24-hour average measurements of ammonia (NH3), 

light absorption, and PM-10 mass were also reported.  Detailed component analyses (including 

PM elements, Cl-, NO3
-, SO4

2-, volatilized NO3
-, K+, NH4

+, OC, EC, and artifact OC) were 

performed on 9 daily samples from selected sites. 

 

Winter Study: The winter study featured high-resolution three-hour average measurements for 

PM-10, PM-2.5, nitric acid (HNO3), and NH3 at four locations: Bakersfield, Chowchilla 

(northern boundary site), Fresno, and Kern Wildlife Refuge (non-urban site).  Daily 24-hour 

average NH3, PM-2.5, and PM-10 measurements were taken at selected sites.  In addition to PM-

2.5 and PM-10, size resolved-samples were collected at Bakersfield using a Multi-Orifice 

Uniform Deposit Impactor (MOUDI).  Limited continuous (hourly) PM-2.5 and PM-10 mass 

measurements were obtained using tapered element oscillating microbalances (TEOM) and beta-

attenuation monitors (BAM), respectively.  Hourly measurements of light scattering were also 

conducted using nephelometers.  Component analyses were performed for samples on episode 

days.  Supporting gas-phase measurements included hourly NO / NOx (NO2 by difference) and 

SO2 (all days), and three-hour or 24-hour average samples of hydrocarbon and carbonyl 

compounds at the urban sites (episode days).  

 

A second component of the winter study was conducted at Walnut Grove, California in the 

northern San Joaquin Valley to characterize the vertical variations in fog/cloud chemistry and
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Figure 1-1.  Study Domain of the 1995 Integrated Monitoring Study 
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physics.  Three-hour average measurements of fog composition were obtained at three different 

heights (ground level, 140 m, and 230 m above ground level).  Limited droplet size-resolved data 

(e.g., pH) were also taken. 

 

1.3 Objectives of this Study 

 

The objective of this analysis is to formulate a conceptual model for fall and winter PM 

concentrations in the San Joaquin Valley using primarily the information obtained during IMS 

95.  This conceptual model is a qualitative description of the physical and chemical processes 

that govern the formation of PM, which, to the extent possible, is supported by quantitative 

information.  IMS 95 is the planning study for the comprehensive field program CRPAQS.  

Therefore, the conceptual model is an important link between the planning study and the 

comprehensive field program because it identifies the major characteristics of the meteorology 

and atmospheric composition of the area that are relevant to PM.  The conceptual model is a 

valuable tool (1) to guide data collection priorities of CRPAQS and (2) to aid future model 

development and evaluation activities.  The planning study approach being implemented in the 

San Joaquin Valley has been recommended for the general design of field program experiments 

used for PM model performance evaluation in other areas (Seigneur et al., 1998a). 

 

 

1.4 Outline of the Report 

 

We first describe the methodology used in the analysis.  The applications of the methodology to 

typical winter and fall PM episodes are described in Sections 3 and 4, respectively.  When 

appropriate, we provide some preliminary remarks regarding additional measurements that 

would be useful to complete our understanding of PM pollution in the San Joaquin Valley.  

However, a more elaborate discussion of data needs will be developed in a subsequent report.  

Finally, we conclude by addressing the questions we set out to answer in our work statement. 
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2. Methodology 
 

Our methodology is based on a data-driven approach that uses the composition and physical 

characteristics of PM as the starting point.  Working backwards in time, we use a structured 

approach to understand the chemical transformations and physical transport processes leading to 

the observed PM.  PM precursors and oxidants may be transported over great distances to 

produce PM at a given location.  Therefore, the transport processes of both PM and PM 

precursors are considered in formulating the conceptual model.  By understanding what 

compounds contribute to PM formation and how PM episodes come about, we may begin to 

shape a general understanding about the specific chemical compounds and emissions sources that 

are the most influential for PM pollution in the San Joaquin Valley. 

 

Figure 2-1 shows the framework for analyzing PM by chemical composition.  The categories 

used in this work were identified by chemical mass balance (CMB) (Magliano, 1997).  Several 

of these categories are primary emissions, including geological material (dust), primary mobile 

sources, and vegetative burning.  Excess organic compounds (OC) consist of organic compounds 

that are not apportioned to specific sources.  They may be primary emissions from sources that 

are not used in the CMB analysis, such as meat cooking, or secondary organic compounds 

formed in the atmosphere.  Other categories are secondary compounds.  The formation of 

nitrates, sulfates, and secondary organic compounds are analyzed further to identify important 

chemical reactions responsible for their production and the limiting reagents of the reactions. 

 

Ammonium nitrate in the ambient atmosphere is produced by the combination of ammonia and 

nitric acid.  Ammonia is emitted in the San Joaquin Valley primarily by livestock whereas nitric 

acid is formed in the atmosphere.  The formation of nitric acid involves both NO2 and oxidants, 

which are in turn formed from precursors, volatile organic compounds (VOC) and NOx.  

Information regarding the limiting reagent in each of the transformation steps of this chemical 

system may be used to develop control decisions for particulate nitrate. 

 

Sulfate is produced by the oxidation of SO2.  The gas-phase oxidation process by OH radicals 

has a lifetime of about one week (Seinfeld and Pandis, 1998).  Aqueous pathways are especially 
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Figure 2-1.  Breakdown of PM by Chemical Composition from CMB Analysis (Data Source: Magliano, 1997). 

Precursors to PM components are also listed. 
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important during fog episodes in the San Joaquin Valley (Pandis et al., 1998).  In the aqueous 

phase, O3, H2O2, and O2 (catalyzed by Fe3+ or Mn2+) are the main oxidizing agents for dissolved 

SO2.  The abundance of O3 and H2O2 is determined by the photochemical reactivity of the 

system.  Therefore, it is important to understand the relative abundance of SO2 and the oxidants, 

and the dominant reaction(s) responsible for the formation of sulfates to inform the choices of 

control strategies for this PM component. 

 

Secondary organic aerosols (SOA) are formed via atmospheric reactions of biogenic and 

anthropogenic VOC with oxidants, such as OH, O3, and NO3.  Anthropogenic SOA precursors 

include aromatic compounds, and high molecular weight alkanes and alkenes.  Monoterpenes 

and oxygenated compounds are examples of biogenic emissions that form PM.  Therefore, a 

solid understanding of all VOC emissions within the San Joaquin Valley is essential.  In 

addition, understanding the formation of oxidants (i.e., whether the system is in a VOC- or NOx-

sensitive regime) is also important for a proper assessment of SOA chemistry. 

 

The transport processes that are important on the regional scale include horizontal advection, 

vertical mixing, wet deposition, and dry deposition (as shown in Figure 2-2).  Because there is a 

secondary component in PM, transport processes for PM precursors (such as HNO3, NH3, NOx, 

VOC, oxidants) also need to be considered.  Horizontal advection is a function of wind flow, 

both at the surface and aloft, which carries gaseous and particulate pollutants from one location 

to another.  The effect of upper-air transport depends upon vertical mixing.  As the mixed layer 

grows during the day, aloft air is entrained into the surface layer system.  If the upper air wind 

speed is high, an air parcel from an upwind location will be mixed in.  Wet deposition removes 

pollutants and particles by scavenging during a rain or fog episode.  Dry deposition pertains to 

the transfer of gaseous and particulate compounds to the surface where they are removed.   
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Figure 2-2.  Transport Processes Important for the Formation, Accumulation, and Removal of PM. 
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3. Analysis of Winter PM-2.5 Episodes 

 
3.1 PM-2.5 Problem in the Winter Episodes 

 

The PM-10 24-hour average standard of 150 µg/m3 was not exceeded during the IMS 95 winter 

study in December, 1995 and January, 1996.  Elevated PM concentrations in the winter were a 

direct result of increased PM-2.5 concentrations, which constituted on average 70-80% of PM-10 

concentrations.  PM-2.5 exceeded the new 24-hour average standard of 65 µg/m3 at the urban 

sites of Fresno (five times) and Bakersfield (once).  Hence, we focus on the PM-2.5 problem 

within the San Joaquin Valley in the analysis of the winter episodes. 

 

Figure 3-1 shows the PM-2.5 mass concentrations observed at the core sites during the winter 

study of IMS 95.  The trends of PM were very different during the episodes observed on 

December 9-10, December 25-28, and January 4-6.  The characteristics of PM and the associated 

meteorology are summarized in Table 3-1.  Some of the differences may be explained by a 

combination of meteorological and emissions factors.  For the early December episode, PM-2.5 

peaked at Fresno and Bakersfield on December 10.  On the same day, a reduction in PM-2.5 was 

observed at the northern boundary site of Chowchilla.  However, PM continued to accumulate at 

Kern Wildlife Refuge until December 11.  Warm temperatures aloft, particularly at Vendenberg 

(15 °C) indicated a strong stagnation event.  Fog was also prevalent during this episode, with the 

daily averaged relative humidity (RH) close to 90% in both cities.  A large drop in the 850 mB 

(1500 m or 5000 ft) temperature was observed at the Oakland airport between December 9 and 

December 10.  A drop in the 850 mB temperature was recorded from December 10 to December 

12 at Vendenberg (Lehrman et al., 1998).  These records suggested a meteorological event 

moving through the San Joaquin Valley from NW to SE during the PM episode, which may 

partly explain the observed temporal variations of PM observed at different sites.  During the 

Christmas episode, Fresno experienced peak 24-hour average PM-2.5 concentration of over 100 

µg/m3 on December 26.  The other sites exhibited trends that were similar to one another, with 

maximum concentrations on December 27.  PM concentrations at Bakersfield were about 15 

µg/m3 higher than the rural sites on December 27 and 28.  Of the three episodes studied in the 
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Figure 3-1.  Temporal Variations of PM-2.5 Mass Concentrations during the IMS 95 Winter Study (Source: CARB, 1998) 
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Table 3-1.  Characteristics of the Winter PM Episodes in the San Joaquin Valley   

(Data Source: Chow and Egami, 1997; Lehrman et al., 1998) 
 

Episode December 9 – 10, 95 December 25 – 28, 95 January 4 – 6, 96 

PM2.5 Observations None of the core sites exceeded 24-hr 
PM-2.5 or PM-10 standard 

PM-2.5 exceeded 65 µg/m3 on two 
days at Fresno, but not at the other 
core sites 

PM-2.5 exceeded 65 µg/m3 on 
1/6/96 at Bakersfield and Fresno, but 
not at the other core sites 

Peak Time / Site Peak concentrations observed at 
different sites on different days 
(Chowchilla 12/9, Fresno/Bakersfield 
12/10, Kern Wildlife Refuge 12/11 

Bakersfield on 12/10/95 (60=µg/m3 PM-
2.5, 75 µg/m3 PM-10) 

Peak 3-hr concentration: 9 p.m. to 
midnight 

PM peaked on December 26 (Fresno) 
or 27 (other sites), then decrease until 
December 31 

Fresno on 12/26/95 (105 µg/m3 PM-
2.5, 125 µg/m3 PM-10) 

Peak 3-hr concentrations: midnight to 
6 am. (Lower peaks next two nights.) 

PM concentrations on the rise at the 
2 urban sites when monitoring period 
ended on 1/6/96; but rural sites same 
24-hour PM on 1/5-1/6 

Fresno on 1/6/96 (80 µg/m3 PM-2.5, 
100=µg/m3 PM-10) 

Peak 3-hr concentration: 9 pm to 
midnight 

Wind Speed 43 – 60% data* < 1 ms-1 36 – 49% data < 1 ms-1. 

SE winds at low levels  

39 – 52% data < 1 ms-1 

NW winds during the day at ground 
level.  SE winds aloft at Bakersfield 

Temperature 

(ground / upper air) 

Ground level: 10 – 15°C; 

Warm aloft temperatures: 14 – 15 °C 

Ground level: 0 – 15 °C 

Aloft temperature: 7 - 9 °C 

Ground level: 7 - 15°C;Aloft 

Temperature: 10 – 15 °C 

Mixing Height at     
4 pm 

125 – 175 m 250 – 900 m 450 – 1100 m 

Fog 10 – 20 fog hours per day at Fresno and 
Bakersfield 

5 – 10 fog hours per day at Fresno 
and Bakersfield 

10 – 15 fog hours per day at Fresno 
and Bakersfield 

* based on hourly-average vector wind at 42 sites in the San Joaquin Valley 
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winter, the Christmas episode was associated with the lowest temperatures aloft (about 8 °C) and 

lowest RH (80%).  Pressure gradients from San Francisco to Las Vegas and Reno were negative.  

High pressure over the San Joaquin Valley resulted in low wind transport.  The observed patterns 

of build-up were likely a result of reduced transport and increased anthropogenic emissions 

during the holiday season.  Clear differences in PM-2.5 concentrations were observed between 

the urban sites and the rural sites during the January episode.  Both Fresno (80 µg/m3 PM-2.5) 

and Bakersfield (70 µg/m3) exceeded the 24 hour-average PM-2.5 NAAQS of 65 µg/m3 on 

January 6.  An Alberta low pressure system preceded this episode (Lehrman et al., 1998).  The 

pressure front may have transported pollutants from the Pacific coastal cities into the San 

Joaquin Valley.  During the episode from January 4 to January 6, the temperature aloft increased 

while the pressure gradient weakened.  Moderate fog was observed (average RH was 85%).  PM 

concentrations at Chowchilla and Kern Wildlife Refuge were 50% lower than the urban sites.  

PM-2.5 accumulated slowly, if at all, at the rural sites during the last two days of the episode.  

These observations show that the spatial and temporal patterns of PM-2.5 vary among the 

episodes. 

 

Diurnal profiles of PM were measured by collecting three-hour average samples in the winter 

IMS 95 study.  Figure 3-2 shows the observed temporal behavior of PM-10 during the Christmas 

episode.  Sharp peaks were observed in the evening at Fresno; weaker evening peaks were 

observed at Bakersfield on two of the episode days.  The rural sites exhibited lower diurnal 

variability relative to day-to-day fluctuations, with higher PM concentrations during the day.  

These observations are generally consistent with the conclusions drawn using the visibility data 

obtained by nephelometers.  Since measurements of light scattering could be made at time 

resolutions of less than one hour, they were used to assess the adequacy of the three-hour 

average PM samples for capturing changes in PM.  Main et al. (1998) analyzed one-hour average 

nephelometer measurements (transformed to correct for RH effects) and concluded that three-

hour samples adequately characterized the diurnal variations in light scattering and PM.  

Transformed data showed higher PM in the urban areas than in the rural areas.  For Fresno and 

Bakersfield, higher transformed scattering values were observed at night than during the day.  

Main et al. (1998) also identified 4-7 p.m. as the time frame for increased scattering at 

Bakersfield, and 9 a.m. to 12 noon as the period of decrease scattering at Fresno.  However, 
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during the Christmas episode, PM reductions took place earlier in the morning. The transformed 

readings at the rural sites were less reliable indicators of diurnal PM because fog was prevalent 

and the RH was too high for the application of the correction term.  Main et al. (1998) observed 

little variation in the light scattering efficiency during the day at Kern Wildlife Refuge, which is 

consistent with lower PM observed at that site. 

 

Richards et al. (1998) analyzed collocated nephelometer and PM-2.5 measurements and 

concluded that a heated nephelometer could provide readings that correlate very well with PM-

2.5, even under high RH and foggy conditions.  The scattering efficiency for PM-2.5 was ~3.7 

m2/g, with higher efficiency from ammonium nitrate and sulfate (~4.2 m2/g) and lower efficiency 

from other compounds (~2.9 m2/g).  The good correlation may be a direct result of the dominant 

fraction of ammonium nitrate, which also contributed significantly to scattering.  McDade (1997) 

verified the extinction of the San Joaquin Valley particles using the observed data on the size 

distribution and composition of particles.  Ammonium nitrate was found to be the largest 

contributor to light extinction.   

 

 

3.2 Chemical Composition and Transformations 

 
Table 3-2 shows the contributions of major sources to the concentration of PM-2.5 during the 

winter episodes.  The PM-2.5 composition is displayed in a pie chart in Figure 3-3.  Significant 

variability of the source contributions was observed at the core sites.  Table 3-3 shows typical 

contributions of key components at urban and rural sites.  PM at urban sites typically showed 

higher contributions from primary sources, while higher contributions from secondary 

compounds were observed at the rural sites.  The chemical composition breakdown of the San 

Joaquin Valley winter PM-2.5 is shown in Figure 3-4, using the CMB categories reported by 

Magliano (1997). 

Ammonium Nitrate  

Ammonium nitrate was the most dominant compound found in PM-2.5 during IMS 95 winter 

episodes.  At the non-urban sites, ammonium nitrate can contribute 50% or more to the total 

mass of PM-2.5.  As indicated in Figure 3-2, ammonium nitrate is formed by the combination of 

ammonia and nitric acid.  Ammonia is emitted mainly from farming operations, while nitric acid 
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is typically formed in the atmosphere.  Kumar et al. (1998) showed that the formation of 

ammonium nitrate within the San Joaquin Valley was limited by the availability of nitric acid in 

the winter, as ammonia sources were abundant. The formation of nitric acid, either in the gas 

phase (as a product of NO2 + OH), or by the hydrolysis of N2O5 (product of NO2 + NO3) in water 

droplets, may either be NOx-sensitive or oxidant-sensitive.  Although information regarding the 

dominant reaction was not available, indirect evidence from the diurnal profile of total nitrate 

(peak concentrations in the afternoon) seemed to indicate that the NO2 + OH reaction was an 

important nitric acid production route.  The analysis of Carr and Gray (1998) indicated that only 

a small fraction of the available NOx was converted to nitric acid and nitrate during a typical 

episode.  They concluded that the conversion of NOx to nitric acid might be limited by the 

availability of oxidants.  Thus, to understand which primary pollutants govern the formation of 

ammonium nitrate, we need to address the oxidation potential of the atmosphere and determine 

which pollutants (i.e., NOx or VOC) are the most influential for the formation of oxidants in the 

system. 
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Table 3-2.  Chemical Mass Balance Analysis of PM in Winter in the San Joaquin Valley 

      (Data Source: Magliano, 1997) 
 

Episode Component Contribution 

(Range at Core Sites) 

Winter PM-10 Nitrate 

Vegetative Burning(da) 

Mobile Sources (b) 

Geological material(c) 

Excess OC(d) 

Sulfate 

40% (8 – 54%) 

12% (4 – 22%) 

12% (4 – 21%) 

10% (6 – 16%) 

8% (1 – 25%) 

6% (1 – 10%) 

Winter PM-2.5 

(70-80% of PM-10 mass) 

Nitrate 

Vegetative Burning  

Mobile Sources 

Excess OC 

Sulfate 

Geological material 

46% (10 – 69%) 

15% (5 – 35%) 

12% (7 – 19%) 

7% (0 – 23%) 

6% (1 – 12%) 

0.6% (0.1 – 1 %) 

(a) Vegetative Burning: based on combustion PM samples from fireplaces and agricultural burning. 

(b) Mobile Sources: based on SCAQMD and Phoenix dynamometer profiles. 

(c) Geological material: soil dust profiles determined from samples of soil and (paved and unpaved) road dust from 

Visalia, Bakersfield, and Taft. 

(d) Excess OC: organic compounds not accounted for by the other source categories, including primary and 

secondary components. 
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Figure 3-3.  Source Contributions Based on Chemical Mass Balance Analysis of Winter PM-2.5 

(Data Source: Magliano, 1997) 



CP045 3-10

 

 

Table 3-3.  Differences in PM-2.5 Compositions at Urban and Rural Sites  

(Data Source: Magliano, 1997) 

 

 Urban Rural 

Average Mass on Episode Days 57 µg/m3 31=µg/m3 

Nitrate 30% 50% 

Vegetative Burning 21% 9% 

Mobile Sources 14% 10% 
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Figure 3-4.  Breakdown of PM by Chemical Composition for a Typical Winter Episode  

(bold lines represent the influential variables for the formation of secondary PM,  

to the extent that sufficient information is available to determine which variables are the most influential). 
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Ammonium Nitrate  

Ammonium nitrate was the most dominant compound found in PM-2.5 during IMS 95 winter 

episodes.  The ranges of concentrations observed were 9.6 to 24 µg/m3 at rural sites and 10.6 to 

29.5 µg/m3
 at urban sites.  At the non-urban sites, ammonium nitrate can contribute 50% or more 

to the total mass of PM-2.5.  As indicated in Figure 3-4, ammonium nitrate is formed by the 

combination of ammonia and nitric acid: 

 

 3433 NONHHNONH →+ .       (3.1) 

 

Ammonia (NH3) is emitted mainly from dairies / livestock / poultry feedlots and natural soils 

(Haste et al., 1998), while nitric acid (HNO3) is typically formed in the atmosphere.  Kumar et al. 

(1998) showed that the formation of ammonium nitrate (NH4NO3) within the study area of IMS 

95 was limited by the availability of HNO3 in the winter, since 75 to 82% of the total nitrate was 

present in the particle phase.  NH3 sources were abundant, and 40-50% of the ammonia remained 

in the gas phase after neutralizing the particulate-phase nitrate.  The ratio of NH3 to HNO3 was 

greater than 1.05 in 93% of the winter samples.  The abundance of NH3 relative to HNO3 needs 

to be confirmed for areas west of Interstate 5 (Phil Roth, Personal Communication, 1998).  The 

formation of HNO3 may take place either in the gas phase or in water droplets.  Gas-phase 

reactions that form HNO3 are: 

 

 32 HNONOOH →+ , and        (3.2) 

 3252 2HNOOHON →+ .        (3.3) 

 

The hydrolysis reaction also takes place in the aqueous phase, with increased reaction rate.  N2O5 

is formed when NO2 and nitrate radical (NO3) combine: 

 

 5232 ONNONO →+ .        (3.4) 
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NO3 is formed when O3 oxidizes NO2: 

 

 2332 ONOONO +→+ .        (3.5)  

 

During the day, the lifetime of NO3 is usually short because the photolysis reaction of NO3 is 

fast, and, consequently, the concentration of N2O5 is expected to be low. 

 

The ambient formation of HNO3 may be either NOx-sensitive or oxidant-sensitive (OH in 

Reaction 3.2, NO3 in Reaction 3.4, and O3 in Reaction 3.5).  Although information regarding the 

dominant reaction was not available, indirect evidence from the diurnal profile of total nitrate 

(peak concentrations in the afternoon) seemed to indicate that the NO2 + OH reaction was an 

important nitric acid production route.  Magliano (1997) also noted an increase in the NH4NO3 

mass during the day (starting at 9 a.m.).  At urban sites, NH4NO3 accounted for 20-25% of the 

evening mass and 40-45% of the midday PM-10 mass.  The percentage contribution was 

relatively constant at rural sites.  The analysis of Carr and Gray (1998) indicated that only a 

small fraction (12% in cities, 30% in rural areas) of the available NOx was converted to nitric 

acid and nitrate during a typical episode.  They concluded that the conversion of NOx to nitric 

acid might be limited by the availability of oxidants.  Thus, to understand which primary 

pollutants govern the formation of ammonium nitrate, we need to address the oxidation potential 

of the atmosphere and determine which pollutants (i.e., NOx or VOC) are the most influential for 

the formation of oxidants in the system. 

 

Organic Compounds 

Organic compounds accounted for a substantial fraction (35%) of the PM-2.5 particle mass at the 

urban sites of Bakersfield and Fresno.  In the San Joaquin Valley winter, sources of organic 

particles included mobile vehicles, vegetative burning (e.g., household wood burning), and other 

(excess) organic compounds (e.g., primary compounds from meat cooking or secondary organic 

compounds).  The contribution from hardwood and softwood combustion was especially 

pronounced in the December 26-28 episode at Fresno, where wood combustion surpassed 

ammonium nitrate as the largest contributor of PM-2.5.  (The contribution of vegetative burning 
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was 35% according to Magliano, 1997; combined hard and soft wood burning contributed close 

to 50% according to Schauer and Cass, 1998.)  The vegetative burning contribution profile 

exhibited, not surprisingly, peaks in the evening samples at the urban sites, corresponding to 

domestic fireplace usage.  On the other hand, in rural areas, the percentage contribution remained 

essentially constant throughout the day.  The influence of the vegetative combustion source was 

weak at the Kern Wildlife Refuge core site (see Table 3-3).  Motor vehicle particles also 

exhibited higher contributions at urban sites than rural sites. 

 

Excess OC represents the fraction of OC that is not apportioned to any source in the CMB 

analysis.  The large amounts of excess OC in many CMB runs may be an indication of the 

inadequacy of the current source profiles, which can result in mis-allocation amongst the various 

carbon-containing sources using the traditional CMB approach.  Nonetheless, a fraction of 

excess OC corresponds to secondary organic aerosol.  At present, there are no direct 

measurement techniques that allow the experimental distinction of primary vs. secondary organic 

compounds. Better source profiles or tracer compounds (e.g., Schauer and Cass, 1998) may 

increase the resolution of the CMB technique in that respect.  With sufficient sensitivity, CMB 

or tracer techniques are tools to apportion ambient organic aerosols to their primary sources; and 

the amount of secondary organics may be determined by the difference of total organics and the 

primary fraction.  Schauer and Cass (1998) reported that the fine organic compound mass that 

could not be attributed to direct particulate emissions averaged about 4.5 µg/m3
 at both urban and 

rural sites in the winter.  The un-apportioned mass was interpreted as a uniform regional 

background of secondary organic aerosols in the San Joaquin Valley during two different 

episodes.  The secondary organic aerosol background contributed to a maximum of 16% of PM-

2.5 to Fresno in the January, 1996 episode.  Similar high contributions were also calculated at the 

Kern Wildlife Refuge, where secondary organics were the second largest contributor to PM-2.5 

behind ammonium nitrate.  The analysis and modeling results of Strader et al. (1998) were 

generally consistent with Schauer and Cass (1998), indicating that secondary organic aerosols 

should not be ignored in the apportionment of the PM concentrations.  
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Oxidant Chemistry 

Oxidant chemistry may be VOC-sensitive or NOx-sensitive.  The sensitivity regime affects the 

response of the atmospheric system towards control measures placed on the precursors.  A 

possible photochemical indicator (e.g., Sillman, 1995; Lu and Chang, 1998) is the ratio of HNO3 

(or HNO3 + particulate nitrate) and H2O2 concentrations.  These chemical species are produced 

by radical termination reactions and their relative importance sheds some light on whether the 

chemical system is VOC- or NOx-sensitive.  Figure 3-5 depicts the major chemical pathways of 

the VOC/NOx/O3 system.  When NOx is low, HO2 radicals preferentially recombine to form 

H2O2 (left-hand side of Figure 3-5).  When VOC is the limiting reagent, OH reacts preferentially 

with NO2 to form HNO3 (right-hand side of Figure 3-5).  Consequently, the ratio of H2O2 and 

HNO3 concentrations is a good indicator of the relative extents of NOx and VOC sensitivity in 

the atmospheric system. 

 

Lu and Chang (1998) investigated the summer ozone chemistry in the San Joaquin Valley, CA, 

and determined that much of the domain was sensitive to NOx, or both VOC and NOx.  However, 

Jacob et al. (1995) reported a seasonal transition from NOx-limited conditions during summer to 

VOC-limited conditions during winter for ozone production over the eastern United States.  

Therefore, the results of Lu and Chang (1998) may not be directly applicable to the winter 

conditions in the San Joaquin Valley.  Typical concentrations of HNO3 (1.5 ppb at urban sites, 

2.4 ppb at rural sites) and H2O2 (0.2 ppb at urban sites, 0.3 ppb at rural sites) suggest that the 

oxidant chemistry of the San Joaquin Valley may be in the VOC-sensitive regime during the 

winter season.  This result is preliminary because the indicator approach (i.e., HNO3/H2O2 ratio) 

has not been evaluated for the type of meteorological conditions prevalent in the San Joaquin 

Valley winter.  

 

Ammonium Sulfate 

Although ammonium sulfate only accounted for 6% (≤ 3.4 µg/m3 at Kern Wildlife Refuge; ≤ 3.7 

µg/m3 at Bakersfield) of the PM-2.5 measured during IMS 95 in the San Joaquin Valley, it was 

the third largest component at the rural site of Kern Wildlife Refuge.  The concentration of SO2 

in the urban areas averaged about 3 ppb during the winter episodes, and accounted for almost 

80% of the total sulfur (18% sulfur in fine particles, 4% in coarse particles).  Therefore, it was 
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Figure 3-5.  Simplified Description of Photochemical Smog Formation Showing the Two Major 

Interacting Cycles (NO/NO2 and OH/HO2 or OH/RO2 and the Two Major Sinks for Radical 

Chain Termination: H2O2 (NOx Sensitive) and HNO3 (VOC Sensitive). 

Source: Seigneur et al., 1998b 
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likely that the conversion of SO2 to sulfates in urban areas was limited by the availability of 

oxidants.  The situation at the rural areas was not as clear.  The concentration of gaseous SO2 

was significantly lower in the rural areas (0.1 ppb, 20% of total sulfur), and fine and coarse 

sulfate accounted for 56% and 22% of the total sulfur, respectively.  In-situ production of sulfate 

was probably limited.  Therefore, transport of particulate sulfate was a factor to consider at rural 

locations. 

 

Midday peaks observed at the rural sites (Magliano, 1997) and the abundance of sulfates in the 

PM-2.5 fraction (aqueous production of sulfates typically take place in coarse particles) seemed 

to be consistent with day-time gas-phase production of sulfate rather than production in fog 

droplets.  Nonetheless, much effort was invested during IMS 95 to understand the aqueous-phase 

chemistry leading to the formation of ammonium sulfate during a fog episode.  There are three 

major oxidation pathways for dissolved SO2: oxidation by ozone, catalytic oxidation (dissolved 

Fe or Mn as catalysts) by oxygen, and oxidation by H2O2.  Of these three pathways, only the 

H2O2 oxidation reaction is insensitive to pH.  The other two reactions have kinetic rates that 

decrease as the pH decreases; therefore, they tend to be self-limiting since sulfate formation 

decreases the pH.  Therefore, it was postulated that the kinetics of the SO2 oxidation reaction(s) 

responsible for sulfate production may change because of pH changes within the fog droplets due 

to the production of acids. 

 

According to the analysis of Collett et al. (1998a), ozone was the dominant oxidizing agent in 

98% of the IMS 95 fog samples.  This conclusion was reached based on two main assumptions: 

(1) dissolved Fe(III) comprised one quarter of total aqueous iron concentration, and (2) the 

gaseous concentration, from which the aqueous concentration was calculated, was assumed to be 

equal to the instrument’s detection limit (DL) when it fell below DL.  Sensitivity studies showed 

that if these assumptions were relaxed, all three pathways would be important for the formation 

of sulfate at urban sites, although sulfate production at the rural site will still be dominated by the 

ozone reaction.  Therefore, it is important to have accurate measurements of the oxidants at the 

ppb level.  Collett’s group (1998b) found that at urban sites, there was some unexplained 

buffering capacity within the fog droplet such that the ozone reaction remained highly 

competitive throughout the fog episode.  The fog drop buffering capacity, due to some dissolved 



CP045 3-18

agent, could not be explained by the usual buffering agents, such as carbonate, acetate, and 

formate.  Several phenol candidates were analyzed, but their concentrations did not explain the 

observed buffering.  The authors postulated that a dissolved organic acid, such as humic acid, 

might be responsible for the buffering of fog droplets.  This buffering capacity should be 

understood for accurate prediction of the chemical reaction pathways that govern sulfate 

production. 

 

 

3.3 Transport Processes 

 

Typical transport scales may be inferred by the spatial distribution of PM.  For example, Table 3-

3 shows that the primary sources, such as mobile sources and vegetative burning, contributed 

more to PM in the cities, where they are generated, than to PM in the rural areas.  On the other 

hand, nitrate, a surrogate secondary compound, displayed relatively uniform distribution.  

Therefore, both urban-scale (primary sources) and rural-scale (secondary compounds) influences 

were observed for PM-2.5 in the winter.   

 

Blanchard et al. (1998) analyzed the spatial representativeness of monitoring stations and the 

zone of influence of emissions sources.  The spatial representativeness, defined as the fraction of 

the monitoring domain having concentrations within ± 20% of the measurement, of the core sites 

was variable.  For example, the Fresno core site was representative of the monitoring domain 

only 27% of the time, the Bakersfield core site 60%.  However, the spatial representativeness 

increased to 90% by using two additional sites.  Spatial representativeness is also a function of 

the PM component.  Relative to primary components, secondary compounds were more 

uniformly distributed within each network, as indicated by the large area with similar 

concentrations.  Representativeness was typically high when concentrations were high; however, 

representativeness and concentration do not necessarily track.  Differences in mixing and 

transport conditions could explain some of the observations of increasing or decreasing spatial 

representativeness at peak concentration during an episode.  Available data seem to indicate 

higher average spatial representativeness in the rural network (73%) than the urban ones (61% at 
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Bakersfield, 54% at Fresno) for PM-10.  This is consistent with the urban sources at the cities 

and the dominance of the secondary compounds in the rural areas. 

 

The zone of influence analysis (Blanchard et al., 1998) confirmed the observations of urban (10 

km) and regional-scale dispersion (20 km).  A mean urban background of 40 µg/m3 PM-10 was 

inferred.  Collins (1998) concluded that the regional background averaged about 25 µg/m3 for 

PM-2.5.  Concentrations measured at the boundary sites at the valley floor were very similar to 

the rural sites.  Elevated boundary sites usually recorded concentrations lower than or similar to 

the background sites on the valley floor.  For example, 24-hour PM-2.5 measurements recorded 

at the elevated boundary sites were between 10 to 20 µg/m3 on December 26 when the rural 

concentrations were 30 to 40 µg/m3.  On January 5, when the rural PM-2.5 concentrations were 

about 35 µg/m3, the elevated boundary sites measured concentrations between 25 and 50 µg/m3.  

Despite the availability of concentration measurements at the boundary sites, fluxes across the 

boundary sites were poorly defined because of low and variable winds. 

 

Fog and stagnation were typically the dominating features of the meteorological conditions.  The 

temporal and spatial distribution of fog was observed using a network of Optec nephelometers.  

The light scattering measurements indicated the non-uniform pattern of fog.  Fog was more 

frequent and longer in duration at the rural sites.  Of the urban sites, Fresno tended to be foggier 

than Bakersfield.  During the IMS winter study, ground level transport was limited to a length 

scale of about 4 km during a stagnation period of 3 to 5 hours (Carr and Gray, 1998).  Advective 

transport gave way to diffusion during some periods of stagnant conditions.  Carr and Gray 

observed both regional and local influences on nitrate production, although it was unclear 

whether the so-called regional influence was due to advective mixing, diffusion, or widespread / 

area sources. 

 

As shown in Table 3-1, during the winter episodes, the maximum daily mixing height ranged 

from 125 m to 1100 m.  The low mixing heights during several episodes were likely conducive 

to pollutant build-up within the valley.  Dye et al. (1997) indicated that there were typically three 

layers within the San Joaquin Valley: the surface layer, the upper mixed layer, and the decoupled 

layer.  The heights of the layers varied with time and location.  The surface layer depth ranged 
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from a few hundred meters to about 1000 m.  At night, the surface layer was further divided into 

an inversion layer of 50 – 100 m and a decoupled surface layer.  The decoupled layer was 

roughly 2000 m above ground level. During two of the winter episodes, the mixed layer 

extended beyond the surface layer at some locations in the afternoon.  Since the wind speeds 

aloft (up to 10 m/s) were typically higher than in the surface layer (0 – 300 m wind generally < 

2.5 m/s) (Lehrman et al., 1998), transport of pollutants aloft and subsequent mixing into the 

surface layer may be a mechanism of distributing pollutants within the valley in a multi-day 

episode. 

 

With reduced mixing heights of a few hundred meters and reduced length scales for horizontal 

transport, much of the pollutants were trapped within the San Joaquin Valley.  The dominant 

sink processes were, therefore, wet and dry deposition.  Wet deposition is likely to be a 

significant removal process because of the solubility of ammonium nitrate, nitric acid, and 

ammonia gas.  During fog episodes, a fraction of the particles are activated to grow by absorbing 

water.  As fog droplets settle more quickly than smaller particles, PM is removed as fog.  

Measurements were taken of wet deposition at Fresno during the early December PM episode.  

The observed removal fluxes were 169 µg/m3 for sulfate, 1018 µg/m3 for nitrate and 1291 µg/m3 

for ammonia.  Therefore, the concentration of PM typically diminished after a major fog event, 

although the effect of wet deposition may be balanced by aqueous production of sulfate during 

patchy / local fog events.  Model predictions of wet deposition fluxes were sensitive to 

assumptions used in the model.  For example, when the wet deposition velocity was reduced by a 

factor of 2, the removal of nitrate was reduced by 25%.  Pandis et al. (1998) calculated with their 

fog simulation model that the San Joaquin Valley scavenged nitrate and ammonium, but may 

produce or remove sulfate. 

 

Dry deposition was not studied during IMS 95, although it may be a significant sink for both 

particles and precursor gases.  For instance, nitric acid deposits fairly rapidly (compared to other 

nitrogen species such as NO or NO2) because it has high affinity towards surfaces.  Russell et al. 

(1985) determined that 75% of the atmospheric nitric acid could be removed in the California 

South Coast Air Basin in 24 hours via dry deposition. 
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4. Analysis of Fall PM-10 Episodes 

 
4.1 PM-10 Problem in the Fall 

 

Figure 4-1 shows the 24-hour average PM-10 mass concentrations observed at Corcoran (core 

and satellite sites) during the fall study of IMS 95.  The spatial average PM-10 concentration in 

the Corcoran vicinity exceeded 150 µg/m3 on November 8 and 14.  Table 4-1 summarizes the 

PM-10 observations and the associated meteorological conditions.  Two episodes were 

monitored during the fall of 1995, separated by the passage of a low pressure system on 

November 8 and 9 through the valley.  The chemical mass balance, with dominating contribution 

(> 50%) from dust and significant contributions from nitrates (16%) and excess organic 

compounds (10%) (see Table 4-2 and Figure 4-2), indicated the influence of both primary and 

secondary components on the PM-10 problem during the fall episodes (November 6-8, 

November 11-14).  The chemical composition breakdown for the fall episodes is shown in 

Figure 4-3. 

 

The key differences between the winter and the fall episodes are as follows:  

�� PM-10 concentrations were higher in the fall (maximum PM-10 was 180 µg/m3) than in the 

winter (Maximum PM-10 was 125 µg/m3). 

�� Geological material (dust) dominated the composition of the fall PM-10 (57%), but was a 

relatively minor component of PM-10 (10 %) and PM-2.5 (0.6%) in the winter. 

�� Secondary ammonium nitrate was the dominating component of PM-10 (40%) and PM-2.5 

(46%) in the winter but not in the fall (16%). 

�� PM from vegetative burning contributed significantly (15%) in many sites, especially urban 

ones (21%), in the winter, but not in the fall. 

�� Fog was patchy and mild in the fall. 
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Figure 4-1.  Temporal Variations of PM-10 Mass Concentrations during the IMS 95 Fall Study (Source: CARB, 1998)
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Table 4-1.  Characteristics of the Fall PM Episodes in the San Joaquin Valley  

(Data Source: Chow and Egami, 1997; Lehrman et al., 1998) 

 

Episode November 6 – 14, 1995 

(2 episodes, each 3-4 days; decrease in PM observed on November 9, 10) 

PM-10 Observations Concentrations correlate among sites. 

Corcoran core site and 20 satellite sites exceeded 150 µg/m3 24-hr PM-
10 on 11/14/95 

Several sites exceeded 150 µg/m3 24-hr PM-10 on four other days 

Peak Time / Site 11/14/95, (time unknown, no hourly data available) 

Peak concentration at an industrial site next to railroad tracks 

Wind Speed Light winds (< 2 ms-1) 

Temperature 

(ground / upper air) 

Ground temperature: 20 °C; 

Aloft temperature: 11 – 15 °C 

Mixing Height at     
4 pm 

No report of mixing height 

500 mB height of 5820 m (stable condition) 

Fog Bakersfield: no fog (RH = 60%). 

Fresno: 1-5 fog hours nightly (RH = 70%) 

Corcoran day-time RH < 50%; 80% at night 
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Table 4-2.  Chemical Mass Balance Analysis of PM in the Fall in the San Joaquin Valley 

      (Data Source: Magliano, 1997) 
 

 

Episode Component Contribution 

Fall PM-10 (core site) Geological Material(a) 

Nitrate 

Excess OC(b) 

Mobile Sources(c) 

Vegetative Burning(d) 

Sulfate 

57% 

16% 

10% 

7% 

5% 

3% 

(a) Geological Material: soil dust profiles determined from samples of soil and (paved and unpaved) road dust from 

Visalia, Bakersfield, and Taft. 

(b) Excess OC: organic compounds not accounted for by the other source categories, including primary and 

secondary components. 

(c) Mobile Sources: based on SCAQMD and Phoenix dynamometer profiles. 

(d) Vegetative Burning: based on combustion PM samples from fireplaces and agricultural burning. 
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Figure 4-2.  Source Contributions Based on Chemical Mass Balance Analysis of Fall PM-10 

(Data Source: Magliano, 1997) 
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Figure 4-3.  Breakdown of PM by Chemical Composition for a Typical Fall Episode  

(bold lines represent the influential variables for the formation of secondary PM,  

to the extent that sufficient information is available to determine which variables are the most influential) 

.
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4.2 Chemical Composition and Transformations 

 
Geological Material 

The largest component of PM-10 in November 1995 was geological material, i.e. dust (57%).  

Since dust is a primary component, it will be discussed further under transport processes in 

Section 4.3. 

 

Ammonium Nitrate 

Ammonium nitrate was the second most important component of PM-10 in the fall, accounting 

for about 16% of the mass at the Corcoran core site.  The formation of ammonium nitrate 

warrants further discussion.  One key question is whether the formation of nitrate is limited by 

the availability of nitric acid or ammonia.  Kumar et al. (1998) showed that the atmosphere in the 

monitoring domain within the southern part of the San Joaquin Valley was ammonium rich in the 

winter.  It is likely that the system is also more sensitive to nitric acid than to ammonia during 

the rest of the year, especially in the summer when the oxidant chemistry is NOx-sensitive (Lu 

and Chang, 1998) and, therefore, not conducive to the formation of nitric acid.  The nitric acid 

sensitivity should be confirmed for fall conditions, which have different reaction rates (due to 

different temperature and solar radiation), mixing conditions, and emissions. Fog was not 

prevalent during the fall and the atmosphere was relatively dry; therefore, it is postulated that the 

OH reaction (Reaction 3.2) may be more important than the N2O5 hydrolysis route (Reactions 

3.4, and 3.3) in the production of HNO3 in the fall.  In order to confirm the important nitrate 

formation reactions, a better understanding of oxidant chemistry is needed for the fall season in 

the San Joaquin Valley, CA.  Emphasis should be placed on studying the gas-phase oxidation 

pathways of NOx to HNO3, and the sensitivity of oxidants (OH, O3, and NO3) to NOx and VOC. 

 

Excess OC 

Another PM component needing further investigations is the excess OC.  These are the organic 

compounds that were not accounted for by the source profiles explicitly included in the CMB 

study.  Excess OC includes both primary (e.g., from meat cooking) and secondary organic 

components.  Tracer-based receptor modeling, similar to that described in Section 3.2, may be 

used to analyze the source of excess OC, and determine whether these are primary or secondary 

organic compounds. 
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4.3 Transport Processes 

 

The spatial representativeness of the Corcoran core site was 87%, i.e., 87% of the area in the 

monitoring domain recorded PM-10 concentrations within ± 20% of the core site (Blanchard et 

al., 1998).  The average spatial representativeness over all sites in the Corcoran vicinity was 

74%.  During PM-10 episodes, the spatial representativeness tended to increase, indicating the 

sub-regional nature of the PM build-up, driven mostly by meteorology.  The meteorological 

conditions are summarized in Table 4-1.  As expected, secondary components were more 

uniformly distributed (87% spatial representativeness averaged over all sites) than primary 

components (the spatial representativeness of dust is 65%).  The source zone of influence study 

revealed the presence of neighborhood scale influence (~ 1 km) and a 5 to 15 km sub-regional 

influence.  The mean PM-10 background in the vicinity of Corcoran was 100 µg/m3.  Boundary 

conditions could not be determined from the Corcoran network (Collins, 1998). 

 

There is little direct evidence from which to infer the dominant physical transport processes 

affecting the concentrations of PM in the San Joaquin Valley in the fall.  Collins (1998) showed 

that PM concentrations are generally highest during periods of light and variable winds which 

tend to come from the southeast.  Lower PM concentrations were associated with stronger 

northeasterly winds.  As shown in Figure 4-4, PM-10 concentrations correlate well with the aloft 

temperatures measured at Oakland, CA (850 mB temperature at about 1500 m or 5000 ft), 

indicating reduced mixing as a major cause of the observed PM episodes.  Furthermore, both 

primary (e.g., dust) and secondary components (e.g., nitrates) increased during the fall episodes.  

These observations tended to support a sub-regional build-up of PM as the culprit of the 

pollution episodes under the particular fall conditions. 

 

The dominance (57%) of dust or geological material in the PM composition also supported the 

sub-regional build-up hypothesis, as coarse materials are generally not transported over great 

distances.  The correlation of PM-10 concentrations among the core and satellite sites (i.e., the 

fact that the concentrations at all sites increase and decrease together) indicated that meteorology 
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was the driving force behind episodes in the Corcoran area.  Spatial variability recorded by the 

network was attributed to local influences.  It was found that industrial sites tended to record 

higher concentrations than the residential sites.  Average PM-10 concentrations were 134 µg/m3 

at the industrial sites, 113 µg/m3 at the agricultural sites, and 112=µg/m3 at the commercial / 

residential sites (Chow and Egami, 1997).  However, because of the intermittent nature of the 

many PM-generating activities, observations of activities did not correlate well with the 24-hour 

data that were collected (Coe and Chinkin, 1998).  No meteorological data were available at the 

monitoring sites to evaluate the contribution of local wind-blown dust. 

 

Long-range surface transport from upwind pollutant sources to Corcoran was unlikely, as the 

surface wind speed was typically less than 2 m/s during the fall episodes in Corcoran.  Mixing 

height, upper air winds, and concentration data are necessary to evaluate the impact of vertical 

mixing and long-range transport of precursors and PM aloft. 

 

Wet deposition probably played a minor role in the dissipation of PM during the fall episode. No 

rain was reported during the PM monitoring period in November, and only patchy evening fog 

was reported in Fresno.   

 

No information was available from IMS 95 to determine whether dry deposition provides a 

dominant sink for PM and PM precursors in the San Joaquin Valley in the fall.  Depending on 

the size of the coarse material, e.g., dust, dry deposition could play a role in the PM balance at 

the Corcoran location. 
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5. Discussion 

 
5.1 Synthesis of Winter Episodes 

 

In the winter, PM-2.5 dominated PM in the San Joaquin Valley.  Secondary ammonium nitrate 

was an important component of PM.  It was shown that nitric acid limited the yield of this 

secondary compound, as ammonia was abundant within the IMS 95 study area.  To control nitric 

acid formation effectively, it is necessary to develop a better understanding of the 

NOx/VOC/oxidant chemistry for the San Joaquin Valley.  To that end, it may be desirable to 

conduct an extensive gas-phase measurement program to characterize speciated VOC, NO, NO2, 

O3, H2O2, HNO3, and, if feasible, OH, NO3, HO2, and RO2 within the San Joaquin Valley during 

winter.  In particular, the formation of nitric acid should be studied in detail.  Two chemical 

reactions are of interest: NO2 + OH and N2O5 + H2O.  Since N2O5 is formed from the reaction of 

NO2 with NO3, this reaction may be important in the evening or during a fog episode when NO3 

accumulates due to the lack of photolytic dissociation.  N2O5 cannot be measured directly, but 

the formation rate of nitric acid via N2O5 hydrolysis may be inferred from measurements of NO3.  

Other oxidized nitrogen species, including HNO3, particulate nitrates, HNO2, PAN, and other 

organic nitrates, may also be measured to improve the understanding of nitrogen chemistry. 

 

Secondary organic aerosols are another component that requires further study.  During IMS 95, 

the relative contribution of secondary organic aerosols to PM was significant at the rural site.  In 

addition to the transport and transformation of anthropogenic emissions from urban areas, the 

atmospheric reactions of biogenic compounds are also a source of secondary organic aerosols.  

The modeling results of Strader et al. (1998) may be useful in understanding the atmospheric 

organic-oxidant reactions in the foggy winter climate encountered in the San Joaquin Valley.  

Unfortunately, their implementation of the state-of-the-art secondary aerosol formation processes 

cannot be considered fully reliable for predicting PM in the San Joaquin Valley, because of some 

generic input data used in their simulation and uncertainties in the model formulation.  In order 

to understand the formation of secondary organic aerosols, a better understanding of the VOC 

emissions inventory and oxidant chemistry is needed for both anthropogenic and biogenic 
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emissions, such as monoterpenes and oxygenated hydrocarbons.  IMS 95 provided no 

information on the magnitude of biogenic emissions within the San Joaquin Valley.  VOC 

emissions inventories, both anthropogenic and biogenic compounds, should be a focus of the 

forthcoming field campaign. 

 

Sulfate seemed to be a minor (6%) component of San Joaquin Valley PM in the fall and winter.  

However, with abundant SO2 in the southern part of the valley and the sensitivity of sulfate 

production to changes in oxidant concentrations, it is prudent to examine more closely the 

mechanisms for sulfate formation to assure that changes in precursor (NOx or VOC) emissions 

designed to reduce ozone and other components of PM will not have adverse effects on the 

sulfate problem.   

 

Oxidant production may be sensitive to NOx or VOC.  There is some evidence that ozone 

formation in the summer is sensitive to NOx (Lu and Chang, 1998).  However, data from IMS 95 

seemed to indicate that the formation of oxidants and HNO3 during the winter season was 

sensitive to VOC, although the indicator approach (Sillman, 1995; Lu and Chang, 1998) has not 

been verified for the cooler and foggier winter conditions. Oxidant chemistry should be further 

investigated to confirm the precursor (NOx or VOC) sensitivity in the winter season.  This basic 

understanding of the atmospheric system is important because any reduction of NOx (e.g., for 

controlling summer O3) may increase the abundance of HO2 radicals and enhance the production 

of H2O2 (see Figure 3-5).  Since ozone and H2O2 are both oxidizing agents of SO2, the trade-off 

between the different reaction pathways needs to be understood. 

 

Two areas of research needs identified by IMS 95 researchers are the source of fog buffering 

capacity and the sensitivity of ambient ozone measurements at the ppb levels.  Modern ozone 

instruments with sub-ppb detection limit and sensitivity (Seigneur et al., 1998a and references 

therein) may need to be considered in future field studies.  Accurate RH measurements are also 

needed to understand the importance of various aqueous-phase processes.  Furthermore, 

McDade’s finding (McDade, 1997) that light extinction was sensitive to particulate water 

confirmed the need for such measurements for determining light scattering by PM. 
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The accumulation of pollutants, e.g., NO2, HNO3, was associated with stagnant conditions with 

limited surface transport.  Under these conditions, the regional uniformity of secondary 

pollutants (e.g., ammonium nitrate and secondary organic aerosols) within the San Joaquin 

Valley is intriguing.  Was the time scale of reaction and deposition slower than the time scale of 

transport (advective or diffusive) under stagnant conditions?  Or were widespread sources 

responsible for the regional scale concentrations of pollutants?  In the fall episode, and in some 

winter episodes, the influence of regional sources was evident (Blanchard et al., 1998).  It should 

be useful to better characterize the meteorological conditions that are associated with enhanced 

regional influence. 

 

One question that IMS 95 did not sufficiently address because of its limited scope was the 

magnitude of above-ground transport.  There is some evidence that transport of pollutants aloft 

and subsequent mixing into the surface layer (in the middle of the afternoon) may be a 

mechanism of distributing pollutants within the valley in a multi-day episode.  Aloft 

measurements of concentrations will be needed to determine the magnitude of this mixing 

process. 

 

Wet deposition is mostly a function of fog in the San Joaquin Valley PM episodes studied.  The 

effects of fog are two-fold.  First, particles that become fog droplets by absorbing water vapor 

are subsequently removed by gravitational settling.  Second, fog droplets provide the aqueous 

medium for the production of sulfates.  The net effect of a fog event depends on the length of the 

event, the availability of precursors, oxidants, and catalysts, and the composition of the original 

PM.  It is probably advisable to study the wet deposition phenomenon further, and to understand 

if any recycling of PM and gaseous pollutants occurs through volatilization at the conclusion of 

the fog event. 

 

Dry deposition information is needed to complete our understanding of major mass fluxes in the 

system.  Direct measurements of dry deposition fluxes by the eddy correlation technique over a 

variety of land-use types are needed for both PM and precursor gases, including O3, HNO3, NH3, 

and other nitrogen-containing compounds. 
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5.2 Synthesis of Fall Episodes 

 

A primary component of the fall PM-10 is geological material (dust), which accounted for over 

50% of the mass according to CMB analyses.  Limited information is available regarding the 

source of the dust particles.  Given that wind speeds were typically less than 2 ms-1, it seems 

unlikely that wind blown dust was a significant contributor to PM-10.  Other sources of 

mechanically generated aerosols, such as paved and unpaved roads and farming activities, may 

be addressed by tracer experiments.  Ammonium nitrate (16%) was the second most common 

component, followed by excess OC (about 10%), which included both primary and secondary 

components.  Accurate geological material profiles and tracer-based organic profiles are needed 

for major San Joaquin Valley primary sources to increase the resolution of the CMB methods 

and to elucidate the importance of secondary organic compounds. 

 

A sub-regional build up in the vicinity of Corcoran seemed to be a reasonable hypothesis during 

a multi-day episode.  Although local sources were postulated to explain the spatial variability, 

there was no direct evidence to link observations of local emissions to elevated 24-hour PM 

measurements.  The atmospheric lifetimes of particles due to settling are functions of particle 

diameters.  The range of PM transport may be estimated if particle size measurements are 

available.  This information may be used to infer the mechanism of sub-regional buildup of PM 

in the San Joaquin Valley during the fall season.  To evaluate the effects of transport, upper level 

wind and mixing height data are required.  Measurements of dry deposition of particles and 

precursor gases may be needed to refine estimates of areas of influence. 
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6. Conclusions 

 
6.1 Summary of Conceptual Model 

In the formulation of a conceptual model for PM during IMS 95, a data driven approach was 

used.  Available information was systematically compiled into a framework based on the 

chemical characteristics of and transport processes associated with the observed PM.  The key 

features of the conceptual models for the fall and winter PM episodes in the San Joaquin Valley 

are summarized in Table 6-1. 

 

Table 6-1.  Summary of Conceptual Models 

 Winter (PM-2.5) Fall (PM-10) 

Chemical Composition 

and Transformations 

Ammonium Nitrate (46%) 

��Nitric acid Sensitive 

��Nitric acid Formation Possibly 
Limited by Oxidants (OH, O3, 
and NO3) Availability 

��Oxidants May be VOC-Sensitive 
Rather Than NOx-Sensitive 

Organic Compounds (34%) 

��Primary (e.g., Vegetative 
Burning and Mobile Sources) 

��Secondary (Anthropogenic or 
Biogenic Precursors) 

Geological Material (57%) 

Ammonium Nitrate (16%) 

 

 

Transport Processes Limited Ground-level Transport 

��Calm Winds 

Aloft Transport Possible 

Limited Vertical Mixing 

Wet Deposition (Fog) 

Dry Deposition Unknown 

Urban Influences (Primary Sources) 
on Regional Distribution 
(Secondary NH4NO3, SOA) 

Limited Ground-level Transport 

Aloft Transport Possible 

PM Build-up Correlates with 
Reduced Mixing Height 

Limited Wet Deposition (Mild Fog) 

Dry Deposition Unknown 

Local Influences (Geological 
Material) on Sub-regional 
Distribution (Secondary NH4NO3) 
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6.2 Comparison with the Conceptual Models of Watson et al. (1998) 

 
Compared to previous conceptual models, ours place a stronger focus on understanding the 

chemical processes behind the formation of secondary compounds and, therefore, should provide 

a better balance between meteorology and chemistry in the analyses of the PM episodes.  Watson 

et al. (1998) discussed the primary compounds in terms of their sources and secondary PM in 

terms of their precursors: NH3, SO2 for sulfate, NOx (HNO3) for nitrate.  We added another facet 

to the analysis of the secondary compounds and pointed out the need to address the availability 

of oxidants, which govern the chemical transformation of precursors to PM.  Indeed, there was 

evidence to support that the oxidation of NOx to HNO3 was limited by the availability of 

oxidants, as was the oxidation of SO2 to sulfate.  In addition, different reactions, involving 

different oxidants, may contribute to the formation of secondary sulfate and nitrates depending 

on the time of day, the presence of fog and clouds, the amount of available light, relative 

humidity, etc.  To understand these chemical systems, and to design effective control strategies, 

further work is needed to measure key oxidants accurately and to improve the understanding of 

the oxidant chemistry, particularly its sensitivity to NOx or VOC.  The effectiveness of any 

controls placed on the precursors will be dependent on the limiting reagents.  In addition, it is 

important to coordinate the efforts to control oxidants in the summer (O3) and in the winter 

(PM).  Summer oxidants may be sensitive to NOx.  However, NOx controls must be accompanied 

by methods to address VOC concentrations if the oxidants involved in the wintertime formation 

of secondary PM are more sensitive to VOC than NOx. 

 

Another component that was not analyzed in detail in Watson’s approach is secondary organic 

aerosol (SOA) formation.  Limited analyses seem to indicate that it could be a non-negligible 

contributor at the rural sites and at the urban sites under some circumstances.  Better emissions 

inventories / profiles and measurements of ambient VOC at urban and rural sites may be useful 

in deciphering the importance of this component. 

 

Watson et al. (1998) narrated the events that led to PM formation that involve (1) the 

accumulation of PM and precursors over night, (2) mixing with aloft air in the morning and early 

afternoon (reduction in PM and precursors), (3) photochemical production and accumulation 
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aloft (clear sky) of oxidants, nitric acid, and secondary aerosol, (4) entrainment of secondary 

aerosol by stratus cloud droplets (5) aqueous oxidation of sulfur, (6) radiation inversion 

separating pollutants aloft and those accumulating at the surface, and (7) mixing of ammonia and 

nitric acid by upper air transport.  This analysis seems to be consistent with available 

information.  However, some components of their analysis are hypotheses that, at this point, 

cannot be confirmed with available evidence.  Aspects of this conceptual model that require 

verification include the aloft production of oxidants and secondary compounds, the role of cloud 

droplets, and upper air transport as a mechanism of pollutant dispersion.  The removal processes 

of wet and dry deposition were not addressed in the conceptual model of Watson et al. (1988).  

Our analysis of the physical transport and removal processes, based loosely on mass balance 

arguments, confirmed the lack of ground level advection and reduced vertical mixing as the 

principal meteorological conditions associated with PM build-up.  We acknowledged the 

possibility of aloft transport as a mechanism for pollutant dispersion under apparently stagnant 

conditions, and pointed out the possibility of widespread sources of precursors and diffusion as 

explanations of the regional distrubution of pollutants.  To complete our understanding of the 

mass fluxes within the valley, there is also a need to understand the wet and dry removal 

processes. 

 

Watson et al. (1998) proposed a separate conceptual model for the fall.  We concur with the 

basic features of the fall conceptual model, with primary sources responsible for local influences 

and secondary compounds responsible for the “subregional influence.”  The key differences 

between the fall and the winter conceptual models are the contribution of dust and the lack of 

fog.  Watson et al. (1998) also proposed that the stronger along-valley flows transport particles 

into the Mojave Desert, although IMS 95 was too limited in its geographical scope to evaluate 

the full range of transport.  Several measurements should be taken to verify several aspects of 

Watson’s model: particle size distribution information will aid the determination of particle 

lifetimes and the distance of dust dispersion; and measurements of photochemical oxidants will 

be useful in determining the sensitivity of the oxidant system for nitric acid production. 
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6.3 Answers to Specific Questions on PM Episodes in the San Joaquin Valley 

 

In the statement of work, several questions were raised.  We now address these questions based 

on the results of our analysis.  Where appropriate, quantitative descriptions are provided based 

on the data from specific episode days, January 5 (winter) and November 14 (fall). 

 

What are the causes of excessive PM-10 and PM-2.5 concentrations in the SJV? 

The chemical components that contributed to PM build-up were identified.  In the fall, PM-10 

contained a significant amount of geological material (see Table 4-2).  Ammonium nitrate and 

organic compounds also contributed to the accumulation of PM.  On November 14, the relative 

contributions from geological material, ammonium nitrate, and organic compounds (mobile 

sources + vegetative burning + excess organic compounds) were 58%, 21%, and 14%, 

respectively.  In the winter, ammonium nitrate was the major component of PM-2.5 (see Table 3-

2).  Nitrate contributions averaged 41% at the urban sites and 64% at the rural sites on January 5.  

Primary organic sources such as vegetative burning and mobiles sources also contributed to fine 

particles, particularly at the urban sites (30% on January 5, 60% on December 26 in the Fresno 

area).  Contributions of sulfates to PM-2.5 were observed in rural areas (10% on January 5). 

 

What is the influence of meteorology, emissions, chemistry, and deposition on PM 

concentrations? 

Meteorology: In both the fall and winter seasons, stagnant conditions (i.e., lack of advective 

transport) seemed to be the major cause of high PM in the sub-regional or regional scale.  Warm 

aloft temperatures (15 to 20 °C in the fall; 10 to 15 °C in the winter) curtailed vertical mixing.   

Ground-level transport was an unlikely mechanism for pollutant distribution.  The effects of 

upper-level transport were not clear, because of the lack of ambient concentration data aloft.   

Emissions: The effects of urban-scale emissions were observed in the winter where primary 

emissions typically contributed to more PM at the urban sites than at the remote sites.  For 

example, on January 5, mobile sources and vegetative burning combine to account for 30% or 15 

µg/m3 PM at urban sites, but only 16% or 5 µg/m3 at rural sites.  No direct link was found 
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between a locally observed emission activity and high PM at a single monitoring site in the fall, 

although higher average concentrations observed at the industrial sites than residential and 

agricultural sites may be attributable to local emissions.   

Since secondary PM components were prominent in the fall and winter seasons, the emissions of 

gaseous precursors also need to be addressed, including NH3, NOx, SO2, and VOC.  

Improvements in the emission inventories for VOC are also important for understanding the 

production of oxidants in the San Joaquin Valley. 

Chemistry: Ammonium nitrate was the top component of PM-2.5 during the winter study.  On 

average, 40 to 50% of the total ammonia was in the gas phase during IMS 95.  The average 

phase partition of ammonia during the January, 1996 episode was as follows: 43% in PM-2.5, 

10% in PM-10, 1% in fog droplets, and 46% as gaseous ammonia.  Because of the abundance of 

NH3 in the area, the formation of ammonium nitrate seemed to be limited by the availability of 

HNO3, a secondary compound.  A large fraction of nitrates were associated with the particulate 

phase; only 18-25% of nitrate existed in the gas phase as nitric acid.  An oxidant study is 

recommended to understand the oxidation pathways of NOx to HNO3, and the sensitivity of key 

oxidants (OH or O3/NO3) to NOx and VOC.  A comprehensive understanding of the availability 

of oxidants will also be beneficial in the analysis of secondary organic aerosols and secondary 

sulfates. 

Deposition: Fog episodes caused a net removal of PM by wet deposition, especially for 

ammonium and nitrate, removing 40 to 46 % (by mass) of ammonia and 15 to 29% of the nitrate 

present before the fog episode at Bakersfield and Fresno in the early December episode (Pandis 

et al., 1998).  Sulfate formation in fog was estimated to exceed sulfate removal by fog settling at 

some sites (e.g., Bakersfield on December 10, 1995) but not all.  Dry deposition was not studied 

during IMS 95; dry deposition may be a significant removal pathway for HNO3 and other PM 

precursors. 
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What differences are observed for PM and PM components and precursor species among urban, 

rural, and industrial areas? 

Winter: Episodes during the winter IMS study showed that PM concentrations were higher at the 

urban sites than the rural sites.  During the January episode, PM averaged 51 µg/m3 at the urban 

sites, and 32 µg/m3 at the rural sites.  In general, the urban sites contained larger contributions 

from anthropogenic primary sources, such as wood burning and mobile vehicle emissions, than 

rural areas.  The average ammonium nitrate (NH4NO3) over all episode days was 18.7 µg/m3 at 

urban sites, and 17.8 µg/m3at rural sites.  Although the concentrations of NH4NO3 are similar, 

PM at rural sites was always dominated by NH4NO3 (> 50%).  Contributions from secondary 

organic compounds and sulfates could also be non-negligible (20%) according to the analysis of 

Schauer and Cass (1998) and Magliano (1997).  Due to the predominance of secondary 

compounds in the winter, which tended to be regionally distributed, conclusions regarding the 

distribution of PM between industrial and residential sites were not clear.  There was some 

evidence that within the winter saturation network at Bakersfield, the residential and 

transportation sites recorded higher PM (70 µg/m3 PM-10) than the industrial sites (45 µg/m3).  

Larger contributions were observed of mobile sources, vegetative burning, and geological 

material (possibly road dust) at these sites, potentially reflecting the proximity to sources.  

However, more analyses in more areas are needed to confirm these observations. 

Precursors to secondary PM include HNO3 (NOx), NH3, SO2, and VOC.  The concentrations of 

HNO3 at the urban sites were lower than or equal to those at the rural sites.  For example, during 

the January episode, the urban sites recorded 1.1 to 1.2 µgN/m3 HNO3 (4.4 to 4.5 µgN/m3 in the 

PM phase) while the Kern Wildlife Refuge site recorded 1.2 µgN/m3 of HNO3 (3.9 µgN/m3 in 

the PM phase).  Although total oxidized nitrogen was higher in the urban areas, NOx was also 10 

times more abundant than in the rural areas.  Total oxidized nitrogen was 29% (by mole) at Kern 

Wildlife Refuge, compared to only 10 to 13% at the urban sites, indicating the aged nature of the 

air parcel at the rural site.  Ammonia seemed more abundant in Bakersfield than at the other core 

sites, possibly due to area sources southwest of the city (Haste et al. 1998).  SO2 was also more 

abundant in the cities than at Kern Wildlife Refuge.  The distribution of sources again explained 

the difference.  Gas-phase organic concentrations exhibited strong diurnal fluctuations in the 

urban areas, with about 400 µgC/m3 in the morning and only 250 µgC/m3 in the afternoon.  No 
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specific information is available regarding the gas-phase concentrations of organics at the rural 

sites. 

Fall: During the fall episodes, higher PM-10 was observed in industrial areas than at the other 

sites.  On November 14, an industrial site near railroad tracks recorded the highest concentrations 

of PM (273 µg/m3), while the average PM-10 in the Corcoran area was only 180 µg/m3 

(Magliano, 1997).  The absolute contribution of secondary components, such as ammonium 

nitrate, was fairly constant.  For example, on the same day, the contribution of secondary 

ammonium nitrate ranged from 35.2 to 40.4 µg/m3.  Therefore, the site-to-site variability was 

attributed to changes in impacts due to primary emissions of geological material (83 to 146 

µg/m3) and organic compounds (mobile sources + vegetative burning + excess organic 

compounds accounted for 9.6 to 55.4 µg/m) (Chow and Egami, 1997; Magliano, 1998). 

 

What are the chemical processes for the formation of secondary aerosols, especially during 

foggy conditions when the photochemical processes may be limited? 

Nitrate:  Ammonium nitrate is formed by the combination of NH3 and HNO3.  Ammonia was 

found to be abundant in the San Joaquin Valley; therefore, the formation of this secondary 

compound was limited by the availability of nitric acid.  Nitric acid is formed when NO2 reacts 

with OH or O3 (with subsequent reaction of NO3 with NO2 to form N2O5, followed by reaction of 

N2O5 with water).  The dominant reaction (i.e., NO2 + OH or NO2 + O3) cannot be identified 

with the available data.  The fact that total nitrate peaked in the afternoon suggests that the NO2 

+ OH reaction may be dominant.  The sensitivity of oxidants to VOC and NOx needs to be 

evaluated.  The abundance of NOx relative to oxidized nitrate seems to provide evidence that 

wintertime conditions may be conducive to a VOC-sensitive oxidant system.  However, more 

data are needed to confirm these hypotheses. 

Sulfate:  Sulfate was fully neutralized as ammonium sulfate.  In addition to the gas-phase 

oxidation of SO2 by OH, aqueous reactions in the fog could be an important source of sulfate in 

the San Joaquin Valley.  Of the reaction pathways with O3, H2O2, and O2 (catalyzed by Fe or 

Mn), model simulations and data analyses based on IMS 95 results indicated that the O3 reaction 

dominated within fog droplets.  However, because of uncertainties in the gas-phase oxidant 
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concentrations, this finding should be re-evaluated when accurate measurements of oxidants are 

available at the ppb level. 

Organics:  Secondary organic aerosols (SOA) may contribute to a significant fraction of PM 

(e.g., 8% of PM-2.5 in Bakersfield, 13% in Kern Wildlife Refuge during the January 4-6 

episode).  SOA is formed in the oxidation of anthropogenic and biogenic VOC.  Strader et al. 

(1998) found aromatic compounds to be efficient SOA producers in their model.  However, a 

more thorough understanding of the contributions of the various VOC categories to the 

formation of SOA would require better information on the emissions inventories of biogenic and 

anthropogenic VOC.  Strader et al. (1998) also found that clouds and fog reduced the 

photochemical production of secondary organic aerosols by a factor of 2 or 3 from the maximum 

clear sky conditions because of reduced availability of photons.  The thermodynamic interactions 

between fog droplets and SOA are unknown. 

 

What is the influence of fog on PM concentrations? 

The influence of fog is two-fold.  First, it serves as an aqueous reactor for the formation of 

sulfate and nitrate.  Second, fog drops settle to the ground and remove PM with them.  The net 

effect of a fog episode depends on the pre-fog concentrations, duration of fog, and the 

availability of oxidants.  Nitrate and ammonium are typically removed, while sulfate may be 

produced or removed.  During the December 10 episode, fog was found to remove 29% and 46% 

of the nitrate and ammonia that were present in the atmosphere before the fog occurrence in 

Bakersfield.  However, with sulfate production over-balancing the wet removal, a 7% by mass 

increase of sulfate after the fog was predicted by the computer model (Pandis et al., 1998). 

 

What is the spatial influence of primary emissions and secondary aerosol precursors during 

each conceptual model scenario relevant to the IMS 95 fall and winter sampling periods? 

In the fall, spatial variability observed among different site types supported a local scale of 

influence of primary emissions, although a link between locally observed, often intermittent, 

emission activities and high 24-hour average PM measurements at a specific site was not 

identified.  Blanchard et al. (1998) identified a 1-km neighborhood scale for primary sources and 
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a 5 to 15 km sub-regional scale for the distribution of secondary PM.  In the winter, elevated 

primary source contributions of wood combustion in the CMB analysis in the urban areas 

indicated an urban-scale primary source influence.  HNO3, a secondary gaseous pollutant, was 

fairly uniformly distributed in urban areas, and tended to increase as a percentage of total 

nitrogen at the rural site of Kern Wildlife Refuge where the air parcels were more aged (Kumar 

et al. 1998).  Relatively high levels of NH3 were detected at urban sites far from emission 

sources (Haste et al., 1998).  Haste et al. (1998) used a 25-km radius when comparing ambient 

NH3/NOx ratios to inventory values.  On the other hand, Pandis et al. (1998) noted a SO2 plume 

in Bakersfield on December 19, 1995, indicating that this precursor was not as well-mixed as 

ammonia and nitric acid. 
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EXECUTIVE SUMMARY 

 

 A conceptual model is formulated for the formation and accumulation of ozone 

(O3) in the San Joaquin Valley based on the chemical characteristics of the ambient 

atmosphere and the physical transport and removal processes observed during the San 

Joaquin Valley Air Quality Study (SJVAQS) / Atmospheric Utility Signatures, 

Predictions, and Experiments (AUSPEX) of 1990. 

 Exceedances of the one-hour National Ambient Air Quality Standard (NAAQS) 

of 120 ppb were observed during the field program in urban areas.  Based on the data 

from the SJVAQS / AUSPEX, both urban and rural areas will have difficulty meeting the 

8-hour average O3 NAAQS of 80 ppb that was promulgated in 1997. 

 O3 concentrations are typically higher in the southern part of the San Joaquin 

Valley.  VOC sources are also more abundant in the southern part of the San Joaquin 

Valley.  Vehicular emissions are observed at the San Francisco Bay Area sites and 

biogenic influences are observed at the rural sites.  NOx concentrations tend to be more 

variable because of local emissions.  High concentrations of O3 and VOC are also 

observed aloft.  During the night, O3 aloft (up to 100 ppb) is preserved because the 

formation of the inversion layer insulates the aloft O3 from the titration effects of surface 

NO emissions.  The VOC mix aloft also tends to be more chemically aged than the 

surface mixture, especially in the morning.  Aloft concentrations of NOx are frequently 

below instrument detection limit, especially in areas of high O3. 

 The key transport process seems to be aloft transport during the night, as surface 

winds are weak ( < 2 m / s).  The nocturnal jet (100 – 400 m a.g.l.) carries pollutants 

towards the Southeast at speeds of up to 30 m / s.  Tracer studies show that materials 

released in the San Francisco Bay Area reach the southern tip of the San Joaquin Valley 

in 20 to 30 hours.  The mountains prevent any significant ventilation of the valley air.  

Therefore, O3 and precursors tend to be carried over from one day to the next, especially 

in the southern part of the valley, where the carry-over burden can reach up to 70 to 100 

ppb O3 (aloft concentrations at night). 

 The mixing layer grows during the day, entraining aloft O3 carried over from the 

night before.  However, the large-scale subsidence that characterizes the O3 episode 
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meteorology limits the mixing layer height, enhancing further buildup of pollutants 

during an episode. 

 Dry deposition of O3 was studied in the California Ozone Deposition Experiment 

(CODE).  O3 deposition velocity is highest during the day, and dry deposition may 

remove up to 3000 tons O3 per day.  The significance of dry deposition for precursors and 

products is unknown at this point.  Wet deposition is not expected to be an important flux 

in the San Joaquin Valley during summer due to the dry weather associated with O3 

episodes. 

 The high O3 concentrations observed in the San Joaquin Valley result both from 

the transport of O3 and precursors from upwind locations, and the local production of O3 

in urban areas within the valley.  Upwind areas, including the San Francisco Bay Area 

and the Sacramento Valley, may contribute to same-day O3 in the northern part of the San 

Joaquin Valley.  In addition, efficient aloft transport by the nocturnal jet distributes 

pollutants from these upwind source areas throughout the San Joaquin Valley.  VOC and 

NOx emitted from urban areas within the San Joaquin Valley also add significantly to the 

O3 concentrations observed downwind from Fresno and Bakersfield. 

 One of the key questions that need to be addressed is the sensitivity of O3 to 

precursors VOC and NOx in different parts of the San Joaquin Valley.  Current 

information indicates that O3 tends to be VOC-sensitive in the San Francisco Bay Area 

and NOx-sensitive in most of the San Joaquin Valley.  Such analyses need to be repeated 

to study the sensitivities of 8-hour average O3 concentrations.  Further development and 

evaluation of three-dimensional models will be useful for determining the influences of 

point sources and the possible interactions between O3 and particulate matter. 
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1.0 BACKGROUND 

 

1.1 The Ozone Problem in the California Central Valley 

 

Summer ozone (O3) air pollution is a serious problem in the California San 

Joaquin Valley.  With the exception of the Los Angeles area, the San Joaquin Valley 

records some of the highest O3 concentrations in the United States.  For example, 

between 1984 and 1986, the San Joaquin Valley exceeded the National Ambient Air 

Quality Standard (120 ppb, averaged over 1 hour) an average of 75 times per year.  In 

1997, EPA established a new NAAQS for O3 of 80 ppb, 8-hour running average.  Based 

on the data from the O3 episodes during SJVAQS/AUSPEX, several sites in the San 

Joaquin Valley are out of compliance with the new O3 NAAQS (Chow et al., 1998). 

 

1.2 SJVAQS / AUSPEX 

 

The San Joaquin Valley Air Quality Study (SJVAQS) and Atmospheric Utility 

Signatures, Predictions, and Experiments (AUSPEX) were two components of a 

comprehensive study to address the issue of poor air quality in the California San Joaquin 

Valley.  The comprehensive study involved: (1) a large-scale air quality measurement 

program, (2) analyses of the causes of poor O3 air quality, and (3) the development and 

application of a regional scale air quality model (SAQM).  The SJVAQS focused on 

determining the causes of the exceedances in the San Joaquin Valley of the O3 NAAQS.  

AUSPEX was intended to develop a comprehensive model addressing O3, aerosol, 

visibility, and acid deposition issues and to obtain a high-quality data base for model 

evaluation and application (Blumenthal, 1993).  To support these objectives, a field 

program was conducted during an eight-week period from July 9, 1990 to August 24, 

1990.  14 intensive days, which corresponded to high O3 episodes, were selected for 

detailed measurements.  The technical objectives of the field program are listed as 

follows (Blumenthal et al., 1997): 
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• = Characterize the three-dimensional meteorological transport within the San 

Joaquin Valley, between the San Joaquin Valley and surrounding air basins, 

and among the surrounding air basins on the days leading up to and during O3 

episodes. 

• = Characterize the spatial and temporal patterns and frequency distributions of 

O3, O3 precursors, and PM concentrations in the study area 

• = Characterize pollutant fluxes 

• = Characterize emissions 

• = Characterize dynamic atmospheric processes in the study region 

• = Provide input and evaluation data for air quality and meteorological models, 

including initial and boundary conditions 

• = Develop an improved understanding of key chemical processes and 

intermediate species 

 

Figure 1-1 shows the SJVAQS / AUSPEX study domain (Ranzieri and Thuillier, 

1994).  The SJVAQS provided for a dense monitoring network within the domain of the 

San Joaquin Valley, which ended just south of Sacramento.  The AUSPEX study 

extended the spatial coverage to the coastal cities of San Francisco, Monterey, and San 

Luis Obispo and to the Pacific Ocean.  The northern and southern boundaries were 

extended to Sutter Butts (north of Sacramento) and the Tehachapi mountains, 

respectively.  The Mojave desert was also included in the southeastern part of the 

AUSPEX domain. 

Surface air quality data were collected at 59 sites to supplement routine data from 

over 70 stations.  41 of these sites measured O3, nitric oxide (NO), nitrogen oxides (NOx 

= NO + NO2), winds (speed and direction), and temperature.  The remaining sites 

measured at least O3 and winds.  Peroxyl acetyl nitrate (PAN) was measured 

continuously at 10 sites.  Two to four samples of volatile organic compounds (VOC) 

(including carbonyl compounds) were taken at 36 sites and analyzed in laboratories.  10 

of the O3 sites also measured PM mass and PM-2.5 and PM-10 chemistry.  Light 

scattering and light absorption were measured at two sites.  In total, air quality and / or 
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Figure 1-1. The Study Domain of SJVAQS / AUSPEX.  (Source: Ranzieri and Thuillier, 

1994) 
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meteorological data were collected at over 300 surface sites.  Measurements that require 

collection of samples and subsequent laboratory analyses (e.g., VOC, PM chemistry) 

were only obtained on intensive episode days. 

Point measurements of upper air meteorology were obtained from 49 sites.  

Continuous (hourly-averaged) upper wind measurements were taken using radar profilers 

(7) and Doppler acoustic sounders (14) throughout the study period.  The range of the 

radar profilers was 2 km a.g.l., while that for the sounders was 500 m.  29 balloon 

sounding sites were also set up to take 4 to 8 (typically 6) soundings per day of winds and 

temperature during O3 episodes. 

On intensive days, up to 9 instrumented aircraft measured both meteorology and 

air quality aloft.  Each aircraft made two to three flights per episode day.  Different 

aircraft carried different instruments.  Measurements of O3, NO, NOx, NO2, VOC, light 

scattering, temperature, and dew point were obtained within the San Joaquin Valley to 

document the distribution of pollutants and offshore to characterize the boundary 

conditions. 

Tracer studies were performed on intensive days to characterize the transport 

patterns from major source areas within and upwind of the San Joaquin Valley.  

Perfluorocarbon gas tracers were released from Bakersfield, Fresno, Hayward, Modesto, 

Pittsburg, and San Jose and measured with a surface monitoring network.  The data 

obtained in tracer studies were also valuable for evaluating the performance of 

meteorological models. 

 

1.3 Objectives of This Study 

 

The main objective of this study is to develop a conceptual model for O3 

formation, transport, and accumulation in the California San Joaquin Valley using 

primarily the information obtained during SJVAQS / AUSPEX of 1990.  This conceptual 

model is a qualitative description of the physical and chemical processes that govern the 

formation of O3, which, to the extent possible, is supported by quantitative information.  

Through the identification of the key processes and key knowledge gaps, the conceptual 
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model for O3 serves as a tool for guiding future research and mathematical model 

development. 

 

1.4 Organization of This Report 

 

Section 2 contains a discussion of the methodology used in the development of 

the conceptual model.   The chemical transformations that govern the formation of O3 in 

the San Joaquin Valley are presented in Section 3.  Section 4 summarizes the relevant 

transport and removal processes.  The conceptual model is synthesized in Section 5.  In 

the conclusion (Section 6), answers are provided to the key questions raised in the scope 

of work.  Several recommendations are also presented in Section 6. 
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2.0 METHODOLOGY 

 

The methodology used to develop the conceptual model for O3 formation in the 

California San Joaquin Valley is similar to the methodology developed for and applied to 

the development of the conceptual model for PM in the same area (Pun and Seigneur, 

1998). This methodology is data-driven and works backwards in time.  The two 

components of the analysis are: 

 

• = An analysis of the chemical transformations 

• = An analysis of the physical transport processes 

 

The atmospheric concentrations of O3 and associated chemicals, such as VOC, 

NOx, and PAN, provide the starting point for formulating a conceptual model.  O3 

precursors may be transported over great distances to produce O3 at a given location.  

Therefore, the transport processes of both O3 and O3 precursors are considered.  The two 

analyses are then combined into the conceptual model. 

Figure 2-1 illustrates the framework of the analysis for chemical transformations.  

O3 is produced in the atmosphere from the reactions of VOC and NOx.  These compounds 

are emitted from anthropogenic and biogenic sources.  This differentiation is particularly 

important for VOC since biogenic sources contribute significantly to the atmospheric 

burden of VOC at some San Joaquin Valley sites, particularly during summer.  A major 

question is the sensitivity of O3 concentrations to the availability of NOx and VOC.  

Several measurement and modeling techniques are available to examine the relative 

sensitivity of ozone to its precursors (e.g., Sillman, 1995; Blanchard et al., 1995).  Figure 

2-2 illustrates the major chemical pathways of the VOC / NOx / O3 system.  If VOC 

concentrations are low (VOC-sensitive regime), OH radicals are available to react with 

NO2 to form nitric acid (HNO3).  If NOx concentrations are low (NOx-sensitive regime), 

HO2 radicals tend to recombine to form H2O2 rather than to react with NO.  Therefore, 

the ratio of HNO3 and H2O2 may be used as an indicator of the VOC / NOx sensitivity of 
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Figure 2-1.  Framework for the Analysis of Chemical Transformations Leading to Ozone Formation in the San Joaquin Valley 
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Figure 2-2. Simplified Description of Photochemical Smog Formation Showing the 

Two Major Interacting Cycles (NO/NO2 and OH/RO2 or OH/HO2) and the 

Two Major Sinks for Radical Chain Termination:  H2O2 (NOx Sensitive) and 
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the system.  Other indicators that have been used include NOy, HCHO/NOy, O3/(NOy- 

NOx), and (NOy-NOx) / NOy (Lu and Chang, 1998).  The sensitivity characterization 

provides information regarding which pollutant could be controlled to obtain the 

maximum benefits in O3 reduction.  To extrapolate this information to the specific 

sources to control for O3 reduction in a particular area, additional information is needed 

to define the source-receptor relationship of the ozone precursors.  At a location mostly 

affected by local emissions, control of local sources will achieve the desired reductions in 

precursors and ozone.  However, at some receptor locations, upwind sources may need to 

be targeted for controls.  Upwind areas may contribute to ozone at a given location via 

surface and aloft transport.  Since the range of aloft transport is typically farther than 

surface transport, an upwind source may be hundreds of miles away from a receptor site 

affected by such transport, and a regional strategy is necessary in this case to address high 

O3 concentrations.  The sensitivity of O3 concentrations to NOx and VOC may differ for 

local and distant upwind sources; therefore, regional strategies are likely to be more 

complex than local strategies. 

Figure 2-3 presents the framework for the analysis of the physical processes.  The 

transport and removal processes that are important at the scales of the San Joaquin Valley 

include horizontal advection at the surface and aloft, vertical mixing, dry deposition, and 

wet deposition.  Wet deposition is not very important in the summer in the San Joaquin 

Valley and can be ignored.  Dry deposition is an important removal process for some 

precursors as well as for O3.  Vertical mixing is a strong function of the diurnal cycle of 

the boundary layer height and other phenomena such as updraft and convective cells.  

Advection varies significantly between the surface and the free troposphere.  Above 1000 

m, the wind flow is governed by synoptic (or sub-synoptic) patterns.  Although high 

mountain ranges lead to some channeling effects, terrain effects are generally limited at 

this height.  Between about 200 m and 1000 m, the wind flow is strongly affected by the 

local terrain and the related local meteorology.  Local pressure gradients, channeling, 

mountain-valley effects, and land/sea breezes near the coast interact with the synoptic 

patterns to create wind flows that vary significantly with time and location.  This layer is 

typically decoupled from the surface at night and significant advective transport can take 

place with little interaction with fresh emissions during the night.  The wind flow at the  
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Figure 2-3.  Transport Processes Important for the Formation and Accumulation of Ozone in the San Joaquin Valley. 
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surface is coupled to the 200 – 1000 m layer during the day.  However, the surface layer 

is subject to a strong thermal inversion at night and calm winds and/or drainage flows are 

common.  An analysis of physical transport processes must unravel how these various 

mechanisms transport O3 and its precursors to and within the area of interest, i.e., here the 

San Joaquin Valley. 
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3.0 CHEMICAL TRANSFORMATIONS 

 

3.1 Temporal Trends 

 

The time series of daily maximum one-hour average O3 concentrations at a few 

selected sites are shown in Figure 3-1.  There are some variations in the maximum 1-hour 

concentration time series among monitoring sites.  For example, O3 concentrations 

decreased at Stockton and Bakersfield after peak concentrations on August 9, while the 

O3 concentrations continued to increase in Fresno.  On the other hand, O3 also seems to 

be a regional problem.  This is clearly shown in the daily maximum 8-hour average 

concentrations in Figure 3-2.  Urban and non-urban sites in different parts of the San 

Joaquin Valley exhibited similarities in time series trends, especially during the second 

half of August.  These similar trends suggest a strong, common meteorological driving 

force behind O3 formation.  In general, the maximum hourly O3 concentrations correlate 

well with the maximum 8-hour average O3.  At urban sites, the 8-hour average 

concentrations can be 20 to 30 ppb lower than the 1-hour maximum when O3 

concentrations are above 100 ppb (e.g., in Fresno).  On the other hand, at rural sites such 

as Sequoia, the daily maximum 8-hour concentrations of ozone are very similar (< 5 ppb 

difference) to the daily one-hour maximum concentrations.  As a result, while urban areas 

exceed the old, one-hour average NAAQS of 120 ppb, both urban and rural areas may 

exceed the new, 8-hour average NAAQS of 80 ppb (Figure 3-2). 

The diurnal variations of O3 at several sites have been analyzed by Chow et al., 

(1998), as shown in Figure 3-3.  At most sites on the valley floor, the build-up process 

started at 7 or 8 Pacific Daylight Time (PDT).  O3 peaked in the afternoon, and 

diminished throughout the night.  The early accumulation of O3, at least at some sites, 

may be due to the carry-over of O3 from the previous day, as photochemical production 

of O3 is expected to be slow early in the morning.  The time of maximum O3 ranged from 

2 p.m. to 6 p.m.  Early afternoon O3 maxima were associated with rural locations affected 

by mixing from aloft and urban locations.  Late afternoon O3 maxima were associated 

with locations downwind of an urban source of precursors.  For example, on August 6, 

1990, O3 peaked at 6 p.m. at Crows Landing, which could be an indication of afternoon 
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Figure 3-1. Daily Maximum One-Hour Average Ozone Concentrations at Selected 

Sites.  (Data Source: CARB, 1998) 
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Figure 3-2. Daily Maximum Eight-Hour Average Ozone Concentrations at Selected 

Sites.  (Data Source: CARB, 1998) 
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Figure 3-3. Diurnal Patterns of Concentrations of NO, NO2, O3, PAN, Total Particulate 

Nitrate, and OC (Source: Chow et al., 1998; reprinted with permission from 

Elsevier Science) 
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transport from the San Francisco Bay Area and northern Valley cities.  Ground level O3 

typically decreased throughout the evening due to the lack of photochemical production 

and continuous scavenging by NOx emitted within the surface layer. 

Due to night-time decoupling of the inversion layer (the bottom 100 m near the 

surface), O3 that was produced near the ground may be trapped aloft during the evening.  

Insulated from the scavenging effects of ground level NOx emissions, aloft O3 may be 

preserved during the night.  Figure 3-4 illustrates that the nighttime aloft O3 

concentrations ranged from 60  to > 100 ppb between episode days (Blumenthal et al., 

1997).  The high nighttime O3 concentrations observed at the elevated site of Sequoia 

Lower Keweah may be an indication that this site was sampling air above the inversion 

layer.  As the boundary layer grew during the day, the aloft O3 may have mixed into the 

surface layer, thus contributing to the observed ground-level O3.  The O3 carried aloft 

generally increased throughout the episode on 3-6 August 1990.  In the south end of the 

valley, the carry-over burden increased from 65 - 75 ppb on August 4 to 80 - 100 ppb on 

August 6, 1990.  On August 5 and 6, the average O3 concentrations in the morning 

boundary layer were well below the prior afternoon averages throughout the San Joaquin 

Valley due either to ventilation of the aloft O3 overnight or depletion of O3 in the surface 

layer. 

Compared to O3, the concentrations of NOx were more variable and more 

susceptible to the effects of local sources.  Surface levels of NOx early in the morning are 

good indicators of stagnation in the source areas.  During the early morning hours, the 

NOx concentrations (mostly NO2 due to the titration effect of O3 from the previous day) 

were typically 30 to 100 ppb in the urban areas and 10 to 20 ppb in the rural areas 

(Blumenthal et al., 1997).  The NO fraction of total nitrogen was highest during the 0700 

– 1200 PST sampling period, when emission rates were high.  During the afternoon, NOx 

concentrations were generally low, though they probably continued to fuel O3 production, 

especially at urban sites where most of the afternoon NOx was expected to be NO2.  The 

NOx measured in downwind areas were postulated to be interference from other oxidized 

nitrogen species such as PAN and HNO3 (Blumenthal et al., 1997). 

In the morning, most of the NOx was confined to a surface layer extending up to 

300 m above the ground level.  Little NOx was carried over above the surface radiation 
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Figure 3-4. West Valley North-South Cross Section from Byron Airport (BYR), Near 

Brentwood, (BRE), to Buttonwillow (BUT), August 6, 1990, Early 

Morning.  (Source: Blumenthal et al., 1997) 
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inversion in the morning.  Early morning NOx concentrations were usually 2 ppb or less 

in the areas of highest O3 carry-over (Figure 3-4).  Since air parcels aloft were expected 

to be chemically well-aged, the measured morning NOx aloft was likely to be interference 

from PAN or HNO3 (Blumenthal et al., 1997).  In the afternoon, the aloft NOx 

concentrations could be as high as the surface observations, due to the favorable mixing 

condition.  Therefore, O3 may be produced aloft as well as near the surface. 

PAN and HNO3 were measured at 10 sites each.  PAN was monitored 

continuously using a Luminol-based chemiluminescence instrument.  HNO3 was 

collected by a denuder.  The concentrations of PAN were lower than those of HNO3 at 

most sites, and these compounds typically represented 1 – 9.5% and 1 – 23% of the total 

measured nitrogen species (NOy), respectively.  HNO3 typically exhibited peak values at 

3 or 4 p.m.  PAN also peaked in the afternoon, although the timing of the peak was not as 

regular.  There was no indication that the concentrations of HNO3 and PAN increased 

during the multi-day episode (DeMassa et al., 1996).  No upper air measurements were 

made for these compounds. 

During the August episode, the VOC concentrations ranged from 40 ppbC at 

Point Reyes to 785 ppbC at Bakersfield (Magliano, 1996).  The temporal patterns of 

VOC depended strongly on the mixture of sources, and are therefore related to the 

composition of VOC.  In general, urban sites were associated with high aromatic 

fractions and tended to exhibit high concentrations in the morning due to fresh motor 

vehicle emissions and low mixing heights.  Biogenic emissions, i.e., isoprene (the only 

biogenic VOC detected), were highest during midday or afternoon.  Sites that received 

much contribution from biogenic emissions exhibited the same diurnal trend.  Downwind 

sites tended to exhibit peak VOC during midday when they received VOC transported 

from upwind locations.  These air parcels were associated with higher levels of 

formaldehyde and other secondary organic compounds, with sufficient photochemical 

activity to continue producing O3 at the downwind sites.  No obvious trends were 

observed for VOC during the O3 episode in August 1990.  However, Blumenthal et al. 

(1997) noted lower VOC / NOx ratios on the morning of August 3, 1990 and higher VOC 

/ NOx ratios on the morning of August 5 during the August 3-6 episode.  A possible 
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explanation is that under a stagnation episode, the VOC/NOx ratio increases since NO2 is 

oxidized to nitrates faster than VOC are oxidized to CO and CO2. 

The VOC concentrations aloft ranged from 14 to 634 ppbC during the August 

episode.  Aloft VOC exhibited less variation from day to day and between morning and 

afternoon than VOC observations at the surface, possibly because VOC surface 

concentrations are directly influenced by VOC surface emissions.  The composition of 

the morning and afternoon aloft samples was also similar, with the exception that toluene 

was more abundant in the morning while the afternoon samples were enriched in 

formaldehyde, isoprene, ethane, ethene, and propane.  A few of the morning samples 

were taken within the surface layer, while most were collected in the decoupled layer.  

The morning abundance of toluene was associated with mobile emissions, especially for 

samples taken within the surface layer.  Formaldehyde was more abundant in the 

afternoon because it is a photochemical reaction product.  Isoprene emissions were higher 

in the afternoon than in the morning due to the effects of temperature on biogenic 

emissions.  Light hydrocarbons, such as ethane, ethene, and propane, are associated with 

evaporative emissions.  Evaporative emissions were probably significant during the 

afternoon of the San Joaquin Valley summer O3 episodes because the ambient 

temperatures were quite high.  The results of a chemical mass balance (CMB) (Magliano, 

1996) also show that gasoline vapors (evaporative emissions) were contributors to 

ambient VOC in the afternoon at urban and non-urban sites. 

The aloft VOC / NOx ratios were analyzed (Magliano, 1996) when the 

concentrations of NOx were above the detection limit of about 4 ppb.  On average, the 

VOC / NOx ratios were higher (14) in the morning than in the afternoon (10).  Since NO2 

is oxidized to nitrates faster than VOC oxidation to CO and CO2, the higher morning 

VOC / NOx ratios indicated that the morning samples were more aged chemically than 

the afternoon samples.  The aloft air mass was insulated from fresh emissions during the 

night and early morning, and the night-time reactions of nitrate radical with organic 

compounds (Smith et al., 1995) played an important role in removing reactive nitrogen 

species from the air aloft. 
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3.2 Spatial Trends 

 

During the well-studied August 3-6 episode, two patterns of O3 distribution were 

observed.  On the first three days, high O3 values were observed downwind of major 

Central Valley cities, including Sacramento, Bakersfield, and Fresno.  On the last day of 

the episode, high O3 concentrations were observed downwind of Bakersfield and in the 

northwestern part of the San Joaquin Valley in the Tracy / Stockton area later in the 

afternoon (6 p.m.).  Local emissions from the San Joaquin Valley cities (especially on 

August 3-5) as well as emissions from the San Francisco Bay Area (e.g., August 6) 

played a key role in the formation of O3 in these downwind areas.  The diurnal profiles 

varied with locations.  Sharp afternoon peaks of very high concentrations were typically 

observed at urban sites and sites downwind from urban sites, where evening 

concentrations fell to below 20 ppb.  At rural sites, the observed ranges of O3 values were 

typically smaller.  For example, at Sequoia, daytime peaks were about only 30 to 40 ppb 

above nighttime concentrations.  On some days, the nighttime O3 concentrations 

remained as high as 70 ppb (e.g., Sequoia on August 2, 1990), probably due to the lack of 

local NO emissions for O3 titration.  Because of the site’s elevation, these high nighttime 

concentrations may be indicative of the extent of aloft O3 preservation during the night.  

When the nighttime concentrations were high at Sequoia, the day-time peak, as high as 

110 ppb, occurred late in the afternoon (6 – 7 pm).  On other days, the nighttime 

concentrations dropped to below 40 ppb, O3 accumulation started earlier in the day and 

the peak concentrations occurred between 3 to 6 p.m.  These days may represent an 

alternative (perhaps more favorable) mixing condition.  There was very little O3 diurnal 

variation at Point Reyes, located upwind of the San Francisco Bay Area.  Point Reyes, 

considered a boundary site, observed lower O3 concentrations than the sites within the 

valley. 

Some of the afternoon boundary layer average O3 concentrations appeared to be 

higher than the surface maxima (e.g., on August 4, 1990).  Blumenthal et al. (1997) 

postulated a different air mass at the surface which had less O3 production potential than 

the aloft air mass.  Another possible explanation is that O3 production aloft was more 

efficient than at the surface.  Several investigators (e.g., Dickerson et al., 1997; Jacobson, 
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1998) have alluded to the role of particles in photochemistry through their effects on UV 

irradiance.  Although PM is generally not considered a severe problem in the summer in 

the San Joaquin Valley, its role, if any, on the photochemical production of O3 needs to 

be investigated. 

The day-to-day O3 carry-over burden increased from the north to the south during 

the August episode.  The aloft O3 in the north end of the valley was 40 to 60 ppb, slightly 

over clean air values.  These values probably did not contribute significantly to the O3 

concentrations observed in the afternoon, which can be up to 140 ppb.  In the south end, 

the carry-over burden of O3 increased to 70 – 100 ppb.  These concentrations of aloft O3 

were comparable to the observed afternoon O3 (80 to 100%). 

Blumenthal et al. (1997) observed the highest total nitrogen (NOy) concentrations 

at Buttonwillow and Edison (40 ppb on average), whereas low total nitrogen 

concentrations were observed at Point Reyes, Sequoia, Yosemite, and Pacheco Pass (10 

ppb on average).  NOx concentrations were typically high at receptor sites of urban 

primary emissions, e.g., Altamont Pass, Buttonwillow, Crows Landing, and Edison.  

Secondary nitrogen compounds, such as PAN and HNO3, dominated the nitrogen balance 

at Academy (downwind of Fresno), Pacheco Pass, Sequoia, and Yosemite, i.e., sites 

affected by chemically aged air masses from urban areas. 

According to the analysis of Magliano (1996), the highest VOC concentrations 

were found at the southern San Joaquin Valley sites, including Bakersfiled, Oildale, Taft, 

and Visalia, and at urban sites in the Bay Area (e.g., Pittsburgh, San Jose, Livermore, 

Richmond).  The southern San Joaquin Valley sites were influenced by hydrocarbon 

emissions from oil production in the area, and the abundance of alkanes in the observed 

composition supported that conclusion.  Relatively high concentrations of aromatic 

compounds found in the Bay Area VOC mixture were consistent with vehicular 

emissions.  High isoprene emissions at Sequoia and Yosemite accounted for their high 

olefin fractions.  Carbonyl fractions were typically higher downwind from urban areas 

than in urban areas, on account of the more chemically-aged air masses that these sites 

received.  Rasmussen (1992) confirmed the abundance of oxygenated species (aldehydes, 

ketones, alcohols) at these sites. 
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CMB results (Magliano, 1996) indicated the prevalence of motor vehicle exhaust 

(35 – 70%) in urban areas at all times.  Contributions of oil production at the southern 

part of the valley were consistent with industrial activities in the area.  The presence of 

oil production contributions outside of the southern San Joaquin Valley reflected the 

similarity of the profiles used for oil production emissions and those of refinery 

emissions, liquid petroleum gas, etc.  Biogenic fractions (10 – 15%) were much lower 

from the CMB analyses than the inventory values at Yosemite and Sequoia (> 50%).  

Possible reasons for the discrepancy may be the efficient chemical removal of biogenic 

organic compounds due to their high reactivity, transport of anthropogenic and secondary 

compounds to the forest sites, or uncertainties in the emissions inventories. 

The VOC / NOx ratios were found to be highest (22 to 40) at the southern San 

Joaquin Valley sites, which had high VOC concentrations, and at the forested sites with 

low NOx concentrations.  Morning ratios averaged 9.2 at Bay Area sites, 9.6 at rural sites, 

and 16.5 at southern Valley sites. 

During the August episode, many of the highest aloft VOC concentrations were 

recorded over Lodi at the northern edge of the San Joaquin Valley.  The variations among 

other aloft sites were less than the surface observations.  In general, VOC concentrations 

aloft in the San Francisco Bay Area exceeded those within the Valley.  These samples 

also contained the highest aromatic and unidentified fractions.  (Note that on average 

39% of the aloft samples contained unidentified hydrocarbons, compared to 27% of the 

surface samples.)  The highest alkane and alkene fractions were found over the southern 

San Joaquin Valley and over Mariposa, respectively.  The most abundant species aloft 

were similar to the most abundant species at the surface.  The findings that 2,4,4-

trimethylpentane (Blumenthal et al., 1997) and olefins (Rasmussen, 1992) were present in 

larger quantities aloft than at the surface is not explained by the current understanding 

regarding their sources and reactivities.  The abundance of ketones aloft was consistent 

with the assumption that the air aloft was more chemically aged than surface air. 
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3.3 VOC / NOx Sensitivity 

 

O3 concentrations above NAAQS levels are observed in the San Joaquin Valley.  

Therefore, it is essential to understand the dynamics of the VOC / NOx / O3 system in the 

San Joaquin Valley to determine whether O3 formation is sensitive to VOC or NOx 

concentrations.  Since large-scale experiments cannot be performed to alter the ambient 

VOC / NOx concentrations and to monitor the resulting O3 response, the traditional 

methodology to investigate VOC / NOx sensitivities involves computer experiments to 

simulate alternative input scenarios and the resulting O3 concentrations (e.g., the 

Empirical Kinetic Modeling Approach or EKMA).  Alternatively, indicator species and 

ratios can be identified from computer simulations (Sillman, 1995) so that ambient 

measurements of these species or ratios may indicate the sensitivities of the system.  Lu 

and Chang (1998) studied the response of the San Joaquin Valley simulation to 50% 

reductions in VOC and NOx using SAQM, and evaluated the indicator approach of 

Sillman (1995).  They found that several indicators may be used to distinguish the NOx / 

VOC sensitivity in the San Joaquin Valley.  These include NOy, HCHO/NOy, 

H2O2/HNO3, O3/(NOy-NOx), and (NOy-NOx)/NOy.  According to the results of the 

simulations, in over 90% of the model domain, the peak 1-hour O3 concentrations would 

be sensitive to NOx reductions or combined NOx and VOC reductions for August 5, 1990.  

(The sensitivities of the so-called “transition areas” have not been determined.  These 

areas are lumped into the combined NOx and VOC reduction areas.)  For example, in 

areas downwind of Fresno and Bakersfield, where peak O3 concentrations exceeded 120 

ppb, a 50% reduction of NOx results in a maximum reduction of 30 ppb and 18 ppb of O3, 

respectively.  On the other hand, VOC-sensitive regions, such as the San Francisco Bay 

Area, may respond negatively to NOx reductions.  (In a study conducted by the Bay Area 

Air Quality Management District (Martien and Umeda, 1993), NOx controls placed on 

utility boilers in the Bay Area result in an increase in O3 in the urban area, while O3 

benefits of roughly equal magnitude are observed downwind.)  This negative response in 

the vicinity of the Bay Area may result in violations of the NAAQS if NOx controls are 

implemented.  Different spatial and temporal O3 distribution patterns suggested that the 

meteorology on August 6 may be different from the previous episode days, with more 
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significant transport from the San Francisco Bay Area resulting in late afternoon O3 

peaks in the northern part of the San Joaquin Valley.  The sensitivity of O3 to its 

precursors needs to be verified for this meteorology scenario. 

Using a different methodology, Blanchard et al. (1995) investigated the VOC / 

NOx sensitivity issue by developing a measure for the reaction extent for smog 

production.  The extent of the reaction reaches a maximum of unity when the 

concentration of NO2 approaches zero, denoting NOx-limitation.  During the episode days 

in August 1990, the extent of the O3 production reaction was frequently unity at 

Academy (downwind of Fresno).  Therefore, the O3 concentrations at this site would be 

NOx-sensitive according to the methodology of Blanchard et al. 

The results of the two studies discussed above were consistent with the findings 

of the Policy Committee of SJVAQS (San Joaquin Valley Air Quality Study Policy 

Committee, 1996), which were based on modeling simulations conducted at the 

California Air Resources Board. 

It is important to note, however, that the sensitivity of O3 to precursors may vary 

both spatially and temporally.  For example, there is some preliminary evidence based on 

data analysis (Altshuler, 1998) and modeling (Ziman, 1998; Lu and Chang, 1998) that O3 

formation in the San Francisco Bay Area (i.e., an upwind area of the San Joaquin Valley) 

tends to be VOC-sensitive during the summer.  Also, an area may switch from a NOx-

sensitive regime during summer to a VOC-sensitive regime during winter.  Jacob et al. 

(1995) demonstrated this pattern for the eastern United States.  For the San Joaquin 

Valley, the analysis of Pun and Seigneur (1998) suggests that the oxidant system may be 

VOC-sensitive in the winter.  Therefore, it may be important to coordinate O3 control 

measures between the San Francisco Bay Area and the San Joaquin Valley and to 

consider O3 and PM reduction efforts using a holistic approach for different seasons. 
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4.0 PHYSICAL PROCESSES 

 

The meteorology of SJVAQS/AUSPEX has been extensively studied, especially 

for the intensive observation periods of the end of July and early August 1990.  Detailed 

descriptions and extensive summaries can be found in Lehrman et al. (1994), Niccum et 

al. (1995), Seaman et al. (1995), Thuillier (1997), and others.  The primary 

meteorological influences that are conducive to high O3 episodes are summarized in 

terms of horizontal transport, vertical mixing, and deposition processes as follows. 

 

4.1 Horizontal Transport 

 

The following brief description of the summertime climatology of the region 

around the San Joaquin Valley is based primarily on the descriptions of Seaman et al. 

(1995) and Niccum et al. (1995). 

 

Surface Transport 

 

During the summer, the contrast between the warm continent and the colder 

Pacific Ocean generates a pressure gradient between a high pressure over the ocean (East 

Pacific Ridge) and lower pressure over the land.  The general low level flow is, therefore, 

in the southeasterly direction, more or less parallel to the coast.  This situation is not 

static, but is modulated by the synoptic scale perturbations that follow the westerlies 

north of the region of interest. 

The complex topography of the region and the sea/land breezes also influence this 

general climatology.  The normal effect of the surface friction is to make the surface 

winds slow down and rotate towards the low pressure area.  This would give the surface 

winds a component across the coastline.  During the day, the land warms up, inducing a 

sea breeze that intensifies the surface wind at the coast.  The reverse is true at night, when 

the surface wind dies down and can even be reversed (land breeze).  However, this 

simple picture is complicated by the presence of several orographic ranges that are 

parallel to the coast line. 
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The San Joaquin Valley is confined between the coastal Diablo and Tremblor 

range to the West and the Sierra Nevada to the East.  Its southeastern end is defined by 

the Tehachapi Mountains near Bakersfield while in the northwest the low area continues 

with the Sacramento Valley.  The coastal ranges are not continuous, but have several 

openings to the sea: the mouths of the San Joaquin and Sacramento rivers at the 

Carquinez Straight, the Pacheco Pass near the Monterey Bay, and the Cholame Pass near 

San Luis Obispo. 

These openings towards the sea, especially the Carquinez Straight, tend to funnel 

the sea breeze.  The typical low level circulation during a summer day is therefore a fairly 

strong inflow of marine air in the San Francisco Bay Area, which splits between 

Sacramento and Stockton, with flow towards the southeast up the San Joaquin Valley and 

the northwest into the Sacramento Valley.  The surface flow brings in VOC, NOx, and O3 

from the San Francisco Bay Area into the Central Valley (Lehrman et al., 1997).  The 

flow up the valleys is modified by the mountain breezes generated by the heating of the 

hills all around the valleys.  Satellite data indicate that the skin temperature in the bare 

Sierra foothills can reach 47 - 50ºC (Martien and Umega, 1995), compared to about 35ºC 

on the valley floor.  The result of the mountain breezes is a low level divergence at the 

bottom of the valley and convergence on the coastal ranges. 

Near the surface, the flow in the August episode exhibited the normal pattern of 

inflow through the Carquinez Straight and up the San Joaquin Valley, with some 

additional inflow through the Pacheco Pass.  This flow was rather weak, however, since it 

was mainly due to mesoscale pressure patterns, the sea breeze, and the mountain effects, 

without much synoptic forcing.  In fact, the synoptic flow aloft tended to be opposed to 

the surface flow. 

 

Aloft Transport 

 

In the July episode (July 27-29) the low level winds were generally weak (≤ 2 

m/s) at 1500 m above sea level, and the directional patterns not very organized.  

Nevertheless, the flow was consistently on-shore in the Sacramento river delta area, 
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entering the San Joaquin valley, and exited the valley through the Cholame pass and the 

Tehachapis. 

Throughout the July 27-29 period the East Pacific Ridge was high and fairly 

diffuse over California.  This pattern precluded any strong synoptic influence on the 

transport patterns in the lower levels and was favorable to poor dispersion conditions.  It 

was fairly similar to the situation on August 3. 

At night, a strong surface inversion develops and the air flows aloft are decoupled 

from the surface.  The strong radiative cooling of the surface generates drainage flows 

down the mountain slopes and into the valley.  However, the pressure gradient usually 

precludes air from flowing down the valley.  Normally, a low level jet of 10 to 30 m/s 

develops at about 400 m above ground level, roughly parallel to the San Joaquin Valley 

axis, towards the southeast. In the early morning hours, a local cyclonic circulation often 

develops in the Fresno area, which has become known as the Fresno eddy.  Its causes are 

not completely understood but it is probably related to blocking of the flow in the upper 

valley under a low inversion. 

It should be noted that the up-valley flux was maximum during the early part of 

the night, because of the nocturnal jet.  The flux between 18:00 and 24:00 PDT was 3 to 4 

times larger than between 8:00 and 12:00 PDT (Lehrman et al., 1994).  Back trajectory 

calculations (Lehrman et al., 1997) indicated that air parcels from the San Francisco Bay 

Area and the Sacramento area could be transported overnight in the jet stream and higher 

level flows to areas in the southern San Joaquin Valley with high O3 burden. 

 

Tracer Studies 

 

Tracers released in Pittsburg and San Jose on August 3 indicate that material 

meandered around the northern part of the San Joaquin Valley until late afternoon when a 

more organized transport began to move material up the valley (Smith and Lehrman, 

1995).  It traveled first along the east side of the valley to the neighborhood of Fresno, 

then moved over to the west side.  It took 20 to 30 hours for the tracer to reach the end of 

the valley, about 500 km from the release points, implying an average velocity of about 

4.5 m/s.  Rappolt and Teuscher (1995) noted that transport is not well predicted using 
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only the surface winds, another indication that the nocturnal jet, a few hundred meters 

above the surface, plays a critical role in the transport. 

Even though the releases of tracers on July 27 and August 3 were at different 

times of the day, in both cases the tracer arrived in Fresno in the morning hours, 

consistent with most of the transport occurring at night.  The maximum concentrations 

resulting from the evening July 27 release were higher than those resulting from the 

morning August 3 release since the July 27 transport took place shortly after the release 

time and was more organized.  Once in the upper valley, the tracer remained there for 

about a day.  Several stations recorded a secondary maximum the next day.  

Lehrman et al. (1997) noted that the measured concentrations of tracers were 

generally smaller than would be expected from standard diffusion and transport models.  

They attributed this difference to the strong wind shear in the nocturnal jet and the 

complex variability of the mixing height, which could not be taken into account by a 

simple model. 

 

4.2 Vertical Mixing  

 

The vertical thermal structure of the air in the region is determined by the surface 

temperature and the general subsidence due to the large-scale anticyclone.  Off the coast, 

the profile is characterized by a strong inversion above a shallow marine boundary layer.  

The marine inversion is strongest just off the coast where the upwelling of cold deep-

ocean water keeps the lower atmospheric layer quite cool.  Inversions of up to 20ºC are 

observed in a layer of 200-300 m, with its top lower than 1000 m above the surface.  

When this air moves over land, the hot surface rapidly warms the boundary layer during 

the day.  Surface heat fluxes can exceed 1000 Wm-2 and the mixed layer can develop to 

1200 m in the Sacramento area.  Further up in the valley, however, the combination of 

the large scale subsidence, the low level divergence due to up-slope winds and mid-level 

warm advection tends to sustain a fairly low (400 to 1200 m) weak stable layer despite 

the very high surface temperatures (around 40ºC).  Lehrman et al. (1997) noted three 

flow regimes: the synoptically driven flow above 1000 m a.g.l., the locally driven flow 

aloft from 200 to 1000 m, and the surface layer flow below 200 m.  During the day, the 
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mixing between the layer occurs, because the mixed layer height extends to > 1000 m.  

At night, however, strong inversions trap emissions within the surface layer. 

The general situation during the high O3 episode of August 3-6, 1990 

approximately followed the general climate of the region with one main difference: the 

position of the high pressure center.  On August 3, the 500 mb map showed a weak high 

pressure center almost exactly over the central San Joaquin Valley.  Over the next 3 days, 

this anticyclone intensified and moved east and north until, on August 6, it was 

positioned at the boundary between Nevada, Oregon, and Idaho.  This large scale 

pressure pattern induced a stronger than usual advection of warm air aloft from the 

southwestern desert towards central California, as well as a more intense subsidence than 

usual.  A situation in which the 500 mb East Pacific Ridge is over or to the east of 

California is conducive to high O3 values in the San Joaquin Valley (Lehrman et al., 

1994).  The O3 episode was, however, not quite as intense as it could have been if the 

center of the high had traveled further south towards the Four-Corners area. 

In both the July and August episodes the subsidence associated with the high 

pressure and the warm air advection together contributed to high temperatures at mid 

level in the San Joaquin Valley.  The soundings at Oakland show the 850 mb temperature 

increasing from 22ºC to 27ºC between August 3 and August 5.  This was several degrees 

warmer than the normal average for that period (19.9ºC at Oakland).  The mixed layer 

therefore did not extend very high, despite the strong heating at the surface.  This had the 

effect of trapping any pollutant or precursors in the boundary layer.  For example, the 

height of the mixed layer never exceeded 500 m at Visalia during the whole period and 

only briefly exceeded 1000 m on one occasion at Mariposa and at Delano.  

The sky was mostly clear during the period except for developing convective 

cloudiness over the Sierra Nevada on August 5 and 6.  This cloudiness was due mainly to 

the advection of moisture from the Gulf of Mexico (so-called “monsoon” situation).  This 

cloudiness reduced insolation in the eastern part of the valley on those days.  The surface 

temperature, however, was not affected much since the clouds developed in late 

afternoon, and the infrared emission by the increasing moisture aloft tended to partly 

counteract the reduced solar radiation.  Maximum surface temperatures reached 34 to 

38ºC throughout the southern part of the valley.  
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The mixing height during the July intensive period was generally higher than in 

the August period, sometimes reaching 1500 m.  With clear skies throughout the period, 

maximum surface temperatures, though slightly lower than in August, reached 32 to 

36ºC. 

 

4.3 Dry Deposition 

 

The California Ozone Deposition Experiment (CODE) was conducted to support 

the SJVAQS / AUSPEX field program (Pederson et al., 1995).  The main components of 

CODE were measurements of vertical fluxes of O3, carbon dioxide (CO2), water vapor, 

sensible heat, and momentum at three sites using the eddy covariance technique on both 

tower-based and aircraft platforms.  The three sites were located in a cotton field, grape 

vineyard, and dry senescent annual grassland, respectively.  Measurements were also 

taken to characterize the state of the vegetation, e.g., stomatal conductance, radiative leaf 

temperature, leaf wetness, soil temperature and heat flux, soil composition and water 

content, mean nitrogen oxide and O3 concentrations, solar and net radiation, 

photosynthetically active radiation, and vertical profiles of wind, temperature, O3, and 

water vapor.  Aircraft data included reflected short-wave radiation, surface greenness 

index, and radiative surface temperature. 

The key results of CODE are shown in Figure 4-1 (Pederson et al., 1995).  

Daytime O3 deposition velocity was highest at the cotton site, with a maximum value of 

0.7–1.0 ms-1.  The diurnal patterns were similar at the cotton and vineyard sites: 

maximum deposition velocities were observed near midday and minimum deposition 

velocities were observed at night.  The deposition velocity observed at the grassland was 

low, and showed little diurnal variation.  Desjardins et al. (1995) found that fluxes 

measured on the aircraft platform (30 m) were comparable to tower-based measurements 

(9.4 m).  They also demonstrated that diurnal patterns of regional fluxes may be obtained 

using a combination of tower- and aircraft-based measurements. 

With the measured deposition velocities, the removal rates of O3 could be of the 

order of kilograms per hour per km2.  Order-of-magnitude calculations of O3 dry 

deposition, O3 flux at the northern end of the valley, and an upper limit of O3-forming 
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Figure 4-1. Diurnal Variations of O3 Concentrations and Deposition Velocities for a 

Composite Day Representing All Observations at the Cotton Site (a), 

Vineyard Site (b), and Dry Grass Site (c).  (Source: Pederson et al., 1995; 

reprinted with permission from Elsevier Science) 
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emissions were 3,000, 4,000 and 80,000 tons per day, respectively.  Therefore, dry 

deposition can be an important flux in the O3 budget.  Fluxes of NOx and VOC were not 

measured during CODE. 

 

4.4 Wet deposition 

 

Wet deposition was not important during the SJVAQS / AUSPEX study because 

the study period was relatively dry (Thuillier, 1997) and rain was not associated with 

high O3 episodes. 
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5.0 SYNTHESIS 

 

Two major phenomena appear to lead to O3 concentrations in excess of the 

NAAQS in the San Joaquin Valley:  (1) transport of O3 and precursors from upwind areas 

(primarily, the San Francisco Bay Area) into the San Joaquin Valley leading to high O3 

levels in the northern part of the valley and (2) emissions of precursors, mixing, and 

atmospheric reactions within the San Joaquin Valley leading to high O3 levels downwind 

of urban areas such as Fresno and Bakersfield.  The first phenomenon is favored by 

organized flow from the north/northwest into the valley whereas the second phenomenon 

is exacerbated by multi-day stagnation periods.  Although these two phenomena are 

neither mutually exclusive nor collectively exhaustive, they help conceptualize the 

dynamics and chemistry of O3 pollution in the San Joaquin Valley. 

 

5.1 Transport of O3 and Precursors from Upwind Areas into the San Joaquin 

Valley 

 

Pollutants and O3 precursors from point and area sources accumulate in the mixed 

layer during the day in the San Francisco Bay Area and are transported or diffuse slowly 

in the northern part of the San Joaquin valley.  Some inflow is also observed through the 

Pacheco Pass, bringing polluted air from the San Francisco Bay Area to the west side of 

the San Joaquin Valley.  On some episode days, fluxes of O3 and NOx that accompanied 

sea breezes were significant.  (VOC fluxes from the Bay Area were not measured.)  An 

example was August 6, 1990 when onshore flows became more dominant after the high 

pressure system moved away from the San Joaquin Valley. In addition, fluxes from the 

Sacramento Valley were also important.  The combined NOx fluxes into the northern part 

of the San Joaquin Valley may exceed the northern valley emissions.  Precursor and O3 

transport is especially influential to O3 in the northern part of the San Joaquin Valley. 
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5.2 Formation of O3 from San Joaquin Valley Emissions 

 

Although the transport of O3 and VOC/NOx from upwind areas contributed to O3 

accumulation in the San Joaquin Valley, the within-valley production of O3 was 

postulated to be capable of generating O3 levels that exceed the NAAQS (San Joaquin 

Valley Air Quality Study Policy Committee, 1996).  The observations of high ozone 

downwind from urban centers (Sacramento, Fresno, and Bakersfield) on August 3-5 were 

evidence of urban-scale O3 production during stagnant (high pressure) conditions. 

Ozone formation in the valley results from a combination of processes including 

emissions of precursors (NOx and VOC), aloft long-range transport within the valley, 

vertical mixing under the large-scale subsidence, and removal processes. 

 

Emissions and concentrations of NOx and VOC in the San Joaquin Valley 

 

During the day, NOx and VOC are emitted within the valley.  According to the 

emissions inventories, the major NOx contributors were mobile sources (Magliano, 

1996).  The CMB results show VOC contributions from vehicle exhaust, liquid gasoline, 

gasoline vapor, oil production, and acetone and unidentified / unexplained VOC.  The 

concentrations of NOx were highest in the morning in urban areas, reflecting the mobile 

source contributions.  Many upwind point sources are highly buoyant or are released 

aloft.  These sources may not contribute to high ground level NOx close to the source, but 

result in O3 production farther downwind.  VOC concentrations were highest in the 

morning samples from the southern San Joaquin Valley, where significant emissions of 

hydrocarbons occurred from oil production.  Motor vehicle exhaust was the main 

contributor at all time periods in the urban areas, ranging from 35 to 70% of total VOC.  

The Yosemite and Sequoia sites showed 10-15% VOC contributions from biogenic 

emissions according to the CMB results.  However, the inventory estimates were 

substantially higher (> 50%).  This discrepancy may be due to the transport of VOC 

(anthropogenic emissions + secondary organic compounds) from urban areas, the high 

reactivity of isoprene, or uncertainties in the emission estimates.  Larger unidentified 
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fractions and larger acetone fractions were measured in the afternoon samples than the 

morning samples, reflecting the atmospheric reactions that took place during the day. 

 

Aloft Long-range Transport within the San Joaquin Valley 

 

Ground level winds are generally weak.  Long-range transport takes place aloft.  

This is particularly important at night, when a nocturnal jet develops approximately along 

the axis of the San Joaquin Valley.  The nocturnal jet carries pollutants towards the 

southern tip of the valley (up valley), including those released aloft above the inversion 

layer and those that had been mixed upwards from the surface point and area sources 

during the day.  In the morning, the O3 and VOC precursors reached the upper valley.  

The carry-over burden of O3 increased from the northern part of the San Joaquin Valley 

to the southern part and can be as high as 100 ppb in the downwind area.  The carried 

over VOC represented a chemically aged mixture, with concentrations about a quarter of 

those measured at the ground level in the morning.  The lower-level winds slow down but 

remain generally up-valley, with some upslope flow developing along the Sierras and the 

coastal range.  Long-range transport appears to be especially important in influencing the 

O3 concentrations at rural sites with few precursor sources nearby.  High O3 is preserved 

aloft at night.  With efficient transport by the nocturnal jet, sources hundreds of miles 

upwind may contribute to high O3 concentrations in the southern part of the valley when 

the aloft air is mixed into the surface layer during the next day. 

 

Vertical mixing 

 

The large scale subsidence from the East Pacific Ridge and the advection of 

warm, rather moist air from the southeast keeps the mixed layer from developing very 

high.  At night, the inversion lowers because of the large scale subsidence.  Pollutants 

emitted during the day and mixed upwards may be trapped above the inversion layer.  In 

addition, point sources may release pollutants above the inversion layer at night.  These 

pollutants are transported downwind by the nocturnal jet.  In the morning, under the 

strong insolation, the temperature rises rapidly, forming a mixed layer that brings 
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pollutants, transported aloft during the night, to the surface.  Since the aloft air is 

characterized by high O3 concentrations in many parts of the San Joaquin Valley, the 

immediate effect of vertical mixing in the morning may be the titration of surface NO by 

O3 to form NO2. 

As the mixed layer grows during the day, emissions from the surface combine 

with those from buoyant or aloft point sources.  O3 production may take place both at the 

surface and aloft within the mixed layer.  The relative efficiency of photochemical 

reactions at the surface and aloft may be related to the light extinction characteristics of 

PM.  At present, the extent of O3 production aloft is uncertain. 

Upslope circulation along the Sierras and the Coastal Range generates divergence 

in the valley, strengthening the subsidence and keeping the mixed layer rather shallow.  

The pollutants are therefore trapped in the valley, without much possibility of escape 

except over the Chalome Pass and the Tehachapis.  Dry deposition, especially over 

agricultural land, appears to be an important physical removal process for O3 within the 

San Joaquin Valley. 

 

5.3 Sensitivity of O3 to Precursors 

 

Summer O3 in most areas of the San Joaquin Valley appears to be more sensitive 

to NOx controls than to VOC reductions alone.  However, there may be areas where NOx 

reductions may be counterproductive to O3 reduction.  On August 6, ozone peaks were 

observed in the northern part of the San Joaquin Valley that could be attributed to 

downwind transport from the San Francisco Bay Area.  The sensitivity of O3 to its 

precursors under this meteorological scenario has not been verified.  There is some 

evidence that summer O3 in the San Francisco Bay Area is VOC-sensitive.  Reductions in 

NOx may result in an increase in O3 according to modeling studies performed by the 

BAAQMD (Martien and Umeda, 1993).  As a polluted air mass travels downwind, ozone 

accumulates from the reactions of VOC and NOx.  Since NOx is depleted faster than 

VOC, O3 production within the air parcel becomes increasingly NOx-limited without 

fresh emissions of precursors.  In this case, while VOC controls in the San Francisco Bay 

Area are beneficial for reducing O3 production in the Bay Area and transported O3 at the 
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receptor sites in the northern part of the San Joaquin Valley, NOx controls are needed 

within the valley to reduce the O3 production potential in areas affected by both fresh 

emissions from within the valley and aged air from the Bay Area. 

One final consideration is that it will be beneficial to address the issues of O3 and 

PM sensitivities to precursors jointly since NOx and VOC emission changes will affect 

both pollutants.  In addition to addressing the exceedances of the O3 NAAQS in the 

summer and PM NAAQS in the winter, it may also be beneficial to understand if any 

indirect effects exist between PM and O3 in the summer.  Dreher and Harley (1998) 

postulated that the weekend increases in O3 in the San Francisco Bay Area may be related 

to reduced emissions by trucks.  In addition to the reduced O3 titration by NO, increased 

photochemical reactivity may result from reduced emission of black carbon by trucks.  

However, the weekend effect does not seem to be very prominent in the San Joaquin 

Valley (Altshuler, 1998).  Carefully planned experimental field programs, data analyses, 

and mathematical modeling efforts should help address the PM-O3 interaction issue 

effectively. 
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6.0 CONCLUSIONS 

 

6.1 Questions and Answers 

 

What are the causes of high ozone in the San Joaquin Valley? 

 

Under stagnant conditions, urban emissions of VOC and NOx within the San 

Joaquin Valley can cause O3 exceedances in areas downwind of major cities, such as 

Fresno, Bakersfield, and Sacramento.  During an episode with significant sea breeze, the 

San Joaquin Valley also receives carry-over pollutants from upwind sources such as the 

San Francisco Bay Area or the Sacramento Area.  The northern part of the valley is the 

most affected by upwind sources; however, central and southern parts of the valley are 

also influenced.  For example, the carry-over O3, which is transported aloft at night, can 

reach concentrations as high as 80 – 100 ppb in Bakersfield. 

 

What is the nature of the regional ozone accumulation? Is it from many local sources or 

is it due to transport at the surface and / or aloft? 

 

The regional accumulation of O3 within the San Joaquin Valley is the result of 

combined urban sources and transport, especially aloft transport in the evening.  Urban 

sources mostly affect areas downwind on the same day of the emissions.  During the 

night, pollutants (O3 and VOC) trapped above the surface layer may be transported and 

mixed within the San Joaquin Valley by phenomena such as the nocturnal jet and the 

Fresno eddy. 

 

What is the contribution to urban and regional ozone from upwind areas and is it due to 

transport at the surface and / or aloft? 

 

Urban emissions of VOC and NOx contribute significantly to the O3 production 

downwind.  This urban-scale O3 production is supplemented by regional O3 in the event 

of an episode.  Regional scale O3 may be a result of O3 and precursors emitted in the 
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northern San Joaquin Valley or in the San Francisco Bay Area, which are transported, 

typically aloft, throughout the valley. 

 

What are the primary meteorological phenomena that contribute to ozone accumulation 

in the San Joaquin Valley?  Are some phenomena more important than others in ozone 

accumulation at the surface? 

 

Several meteorological phenomena contribute to O3 accumulation in the San 

Joaquin Valley.  Synoptic high pressure and stagnation help trap pollutants within the San 

Joaquin Valley.  The upper air nocturnal jet along the valley axis transports O3 and 

precursors from the northern part of the valley to the southern part of the valley.  Daytime 

sea-breezes help inject fresh pollutants from the San Francisco Bay Area into the Central 

Valley under particular synoptic conditions. 

 

What is the influence of meteorology, emissions, chemistry, and deposition on ozone 

concentrations? 

 

Meteorology:  Meteorology serves in two major ways to enhance O3 

concentrations within the San Joaquin Valley during an episode.  First, the synoptic high 

pressure and low mixing height trap pollutants within the San Joaquin Valley, allowing 

the accumulation of pollutants over a period of days.  Second, upper air transport takes 

place at night to move pollutants from one location to another, where they are 

subsequently incorporated into the boundary layer during the day.  This “carry-over” is 

especially important in the southern part of the San Joaquin Valley.  The pollutants from 

the San Francisco Bay Area may also be transported through the delta and the mountain 

passes to contribute to high O3 concentrations in the northern part of the valley in the late 

afternoon. 

Emissions:  VOC and NOx emissions within the valley are very important in the 

production of O3 in the central and southern part of the Valley, from Fresno to 

Bakersfield.  Data analyses suggest that VOC emissions in the San Joaquin Valley and 

upwind source areas may be underestimated in the inventory.  Improvements of the 
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emissions inventories are needed for mobile emissions, biogenic emissions, and 

uninventoried sources. 

Chemistry:  The chemistry of O3 production involves the reactions of VOC to 

produce radicals that subsequently react with NO to produce O3.  Of the precursors, VOC 

and NOx, available information seems to indicate that O3 is more sensitive to NOx than 

VOC in most areas of the San Joaquin Valley.  However, reductions in NOx may be 

counterproductive to O3 reduction in some areas. 

Deposition:  The measured maximum dry deposition flux of 0.5 µg/m2/hour leads 

to an O3 removal rate of about 3000 tons / day in the San Joaquin Valley.  Considering an 

average O3 concentration of 80 ppb, this deposition rate leads to a residence time of about 

8 hours for O3.  Therefore, dry deposition is a significant flux for the mass balance of O3 

within the San Joaquin Valley.  Dry deposition fluxes of precursors NOx and VOC and 

products HNO3, PAN, and PM need to be quantified.  Wet deposition is not expected to 

be important in the summer in the San Joaquin Valley because of the low relative 

humidity and the lack of rain. 

 

What differences in ozone concentrations are observed among urban, rural, and 

industrial areas? 

 

Peak O3 concentrations were frequently observed in areas downwind of major 

urban areas.  Strong diurnal profiles were also observed at these sites with maximum O3 

concentrations during the afternoon and minimum concentrations during the night.  Rural 

locations tended to exhibit less diurnal variability, although the concentrations ranged 

from close to background values at Point Reyes to ~80 ppb at Sequoia.  Some of the 

highest O3 concentrations were observed in the southern part of the valley, which is 

affected by upwind transport and local emissions of NOx and VOC (oil production). 

 

What is the spatial influence of point sources and what is their influence to downwind 

receptors? 
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There is insufficient information available to address this question thoroughly.  

Tracer releases from Pittsburg, CA provide evidence that emissions from upwind point 

sources may affect air quality as far downwind as the southern San Joaquin Valley.  14% 

of the tracer mass was detected at the surface in the southern part of the San Joaquin 

Valley the morning after the tracer release.  Much of the long-range transport takes place 

at night by the nocturnal jet.  Within the Central Valley, point source emissions released 

into the surface layer during the day may be trapped in the decoupled layer in the evening 

and transported towards the southeast.  Furthermore, fresh emissions from elevated point 

sources in the path of the nocturnal jet may also be transported downwind and lead to O3 

production the next morning.  Due to rapid aloft transport, the relative importance of 

point sources (that mix upwards) would simply depend on their rates and composition.  

Mathematical modeling of air quality in the San Joaquin Valley using a three-

dimensional model with subgrid-scale treatment of plumes will be needed to properly 

address this question. 

 

Is the formation of ozone in the San Joaquin Valley sensitive primarily to NOx or VOC?  

Does it differ in different parts of the Valley, e.g., urban areas versus rural areas, 

northern part versus southern part? 

 

Limited analyses indicate that the formation of O3 in the San Joaquin Valley in 

the summer is sensitive primarily to NOx although reductions in both VOC and NOx may 

be needed to reduce O3 in some areas.  According to Lu and Chang (1998), VOC 

sensitivity occurs mainly in the San Francisco Bay Area.  There is some additional 

evidence (Martien and Umeda, 1993; Altshuler, 1998; Ziman, 1998) to support this 

hypothesis.  Purely NOx-sensitive locations are typically outside of urban areas.  Since 

VOC sources are more abundant in the southern San Joaquin Valley, the chemistry in the 

southern part of the valley is expected to be relatively NOx-sensitive compared to areas in 

the north.  The analysis was performed based on maximum one-hour average ozone 

concentrations, conclusions regarding the sensitivity of the 8-hour average cannot be 

inferred with certainty at this point.  For example, if a receptor site is affected by air 

parcels from two different upwind locations at different times of the day, O3 
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concentrations may be sensitive to NOx at certain times and to VOC at other times.  

Moreover, if O3 concentrations at a receptor within the San Joaquin Valley consist of 

transported O3 (e.g., from the San Francisco Bay Area) and O3 generated from emissions 

within the valley, some fraction of the total O3 burden may be sensitive to VOC whereas 

the other fraction may be sensitive to NOx.  It is conceivable that the area can be NOx-

sensitive with respect to the one-hour standard and VOC-sensitive with respect to the 8-

hour standard.  A similar sensitivity analysis is recommended for the San Joaquin Valley 

to analyze the most efficient control strategies for the 8-hour standard. 

 

Is the response of ozone to changes in NOx and VOC emission changes expected to be 

similar to the response of PM-2.5 to these same changes during winter? 

 

Winter PM-2.5 is sensitive to the production of HNO3, a key precursor of 

ammonium nitrate.  Some evidence exists to support VOC sensitivity of oxidant and 

HNO3 productions in the winter (Pun and Seigneur, 1998).  Therefore, winter PM-2.5 is 

expected to be more sensitive to changes in VOC levels than changes in NOx levels.  In 

contrast, O3 in the summer seems to be sensitive to NOx concentrations in many areas of 

the San Joaquin Valley.  Jacob et al. (1995) observed a seasonal transition between NOx- 

to VOC-sensitivity for O3 production in the eastern part of the United States.  These 

observations suggest that the same transition phenomenon may occur in the San Joaquin 

Valley.  It may be necessary to carefully coordinate the NOx and VOC control programs 

so that measures applied to reduce O3 in the summer do not adversely affect PM-2.5 in 

the winter. 

 

Is there a significant difference between week-day and week-end ozone concentrations 

(for the same meteorology) in the San Joaquin Valley? 

 

 Due to the focused attention on the analysis of the August 3-6 episode, no 

analysis has been performed to address the weekday-weekend effects.  Changes in VOC 

and NOx emissions result in changes in ozone dynamics during the weekend.  In addition, 

an indirect effect may be caused by reductions in vehicular emissions of PM and 
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precursors, leading to increased UV radiation and photochemical activity (Dreher and 

Harley, 1998).  However, other analyses suggest that weekday-weekend effects are not 

very pronounced in the San Joaquin Valley (Altshuler, 1998, private communication). 

 

Are the ambient concentrations of ozone precursors consistent with current emission 

inventories of these precursors? 

 

Not exactly.  The morning ambient VOC / NOx ratios ranged from 4.2 at San 

Francisco on August 6, 1990 to 27.5 at Bakersfield on August 5, 1990.  The range of 

VOC / NOx ratios in the emissions inventory is between 1.7 and 8.6.  The emission 

inventory ratios at Livermore range from 4.8 to 8.2, with higher values on the weekends.  

The ambient ratios were between 6.1 and 19.3 during SARMAP (Magliano, 1996).  In 

general, the ambient ratios exhibited much higher variability than the current emission 

inventories indicate.  Uncertainties in mobile sources, biogenic, and oil production 

emissions need to be addressed. 

 

6.2 Recommendations 

 

Several aspects of the O3 conceptual model are well understood: the combined 

effects of local and upwind production of O3 from NOx and VOC at sites such as Fresno 

and Bakersfield, the transport (sea breeze) of O3 from the San Francisco Bay Area 

affecting primarily areas in the northern San Joaquin Valley, the overnight aloft transport 

of O3 and precursors by the nocturnal jet, and the low mixed layer height caused by 

subsidence and mountain effects.  However, some details remain to be thoroughly 

understood: the sensitivity of the O3 chemistry at different locations within the San 

Joaquin Valley, the balance of transport, chemical, and deposition fluxes that gives rise to 

the observed concentrations, and the amount of O3 that can be attributed to point sources, 

mobile sources, and biogenic sources. 

A key indicator for the sensitivity of the oxidant system to VOC or NOx is the 

ratio of HNO3 and H2O2.  Although HNO3 was measured at many of the AUSPEX sites 

during the SJVAQS / AUSPEX, H2O2 measurements were only taken aboard one of the 
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aircraft used in the intensive studies.  Measurements of H2O2 are highly recommended to 

characterize the sensitivity of O3 to VOC or NOx at urban, downwind, and rural locations. 

Lu and Chang investigated the use of various photochemical indicators by 

simulating the August 5, 1990 conditions.  They noted that most of the areas within the 

San Joaquin Valley were NOx-sensitive.  However, about 20% of the area were classified 

as “transition” and the sensitivity of O3 to its precursors needs to be confirmed for these 

areas.  Furthermore, August 6 represented a different set of meteorological conditions, 

with less stagnation over the valley and more transport from the Bay Area.  As previously 

mentioned, there is some evidence for VOC-sensitivity in the Bay Area.  Therefore, the 

northern part of the valley, influenced by pollutants originating Bay Area, may exhibit 

VOC sensitivity rather than NOx sensitivity under these conditions.  It is probably 

worthwhile to investigate the VOC / NOx sensitivity issue further, especially for different 

meteorological conditions, to ensure that the conclusions are not misguided. 

The NOx and NO2 measurements suffered from interference from oxidized 

nitrogen species such as PAN and HNO3.  Accurate measurements of NOx and NO2 are 

important both for the understanding of the characteristics of air masses of different 

chemical “age” and for model evaluation purposes. 

Nitrate radical measurements were taken during the SJVAQS / AUSPEX.  The 

concentrations of nitrate radicals in the San Joaquin Valley were sufficient to oxidize 

organic compounds at the same rate in the evening as they are oxidized by OH during the 

day (Smith et al., 1995).  This unexpected conclusion (VOC oxidation at night by nitrate 

radical is typically expected to be two orders of magnitude slower than the day-time 

process initiated by OH (Atkinson, 1997)) shows that it is important to measure other 

radical species in addition to NO3, especially OH, HO2, and RO2, which have never been 

measured in large-scale field programs in the San Joaquin Valley. 

The new 8-hour average NAAQS may be exceeded at both urban and rural sites.  

A better understanding of the source-receptor relationships is needed to address O3 at the 

rural receptor sites, and regional control strategies may be needed to meet the 8-hour 

NAAQS.  In that regard, the new standard can be more difficult to attain.  The temporal 

variations at polluted rural sites should be the subject of a modeling investigation.  In 

particular, the aloft transport of O3 from upwind locations, vertical exchange with the 
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valley surface layer or the free troposphere, local production from biogenic emissions, 

and O3 scavenging by VOC may be key mass fluxes at these locations.  The processes / 

fluxes that contribute to high 8-hour average concentrations need to be elucidated before 

effective attainment strategies may be identified.  Model investigations to determine the 

O3 sensitivity of the region to VOC and NOx with respect to an 8-hour average should 

also be conducted to confirm the efficacy of control measures designed to reduce the 

maximum 1-hour average concentration. 

Even with significant improvements in the emissions inventory for the San 

Joaquin Valley, the reconciliation with ambient data still indicates significant 

uncertainties in VOC emissions.  Continuing efforts are needed to provide better 

emissions estimates for mobile, biogenic, oil production, and uninventoried sources.  

With accurate emissions information, models can be applied to understand the relative 

importance of these precursor sources to O3 production in the San Joaquin Valley. 

In addition to O3 fluxes, deposition fluxes of precursors and products are needed 

to provide a better understanding of the pollutant removal processes within the valley.  

Measurements of deposition fluxes of NO, NO2, HNO3, PAN, PM, and VOC are needed 

over a range of surfaces and for a variety of meteorological conditions. 

 



A Conceptual Model for Ozone Formation in the San Joaquin Valley R-1

REFERENCES 

 

Altshuler, S., 1998. Presentation at the workshop on draft emission inventory and draft 

attainment assessment, Bay Area Air Quality Management District, San 

Francisco, CA, October 8, 1998. 

 

Atkinson, R., 1997. Gas-phase tropospheric chemistry of volatile organic compounds: 1. 

Alkanes and alkenes, J. Phys. Chem. Ref. Data, 26, 215-290. 

 

Blanchard, C.L., P.M. Roth, H.E. Jeffries, 1995. Continuing development of a 

methodology for assessing preferences for reductions in VOC versus NOx 

emissions in non-attainment areas, transactions, regional photochemical 

measurement and modeling studies, An A&WMA International Specialty 

Conference, San Diego, CA, 7-12 November, 1993, ed. by J.G. Watson, J.C., 

Chow, and P.A. Solomon, Published by the Air & Waste Management 

Association, Pittsburgh, PA, pp. 335-350. 

 

Blumenthal, D.L., 1993. Field program plan for the San Joaquin Valley Air Quality Study 

(SJVAQS) and the Atmospheric Utility Signatures, Predictions, and Experiments 

(AUSPEX) Program, Version #3, Post-Field Revision, STI-98020-1241-FR, The 

Valley Air Pollution Study Agency, Sacramento, CA. 

 

Blumenthal, D.L., F.W. Lurmann, P.T. Roberts, H.H. Main, C.P. MacDonold, W.R. 

Knuth and E.M. Niccum, 1997. Three-dimensional distribution and transport 

analyses for SJVAQS / AUSPEX, Final Report STI-91060-1705-FR, San Joaquin 

Valleywide Air Pollution Study Agency, c/o California Air Resources Board, 

Sacramento, CA. 

 

CARB, 1998. ftp://themis.arb.ca.gov/pub/data/sarmapo3/datafiles. 

 

Chow, J.C., J.G. Watson, D.H. Lowenthal, R.T. Egami, P.A. Solomon, R.H. Thuillier, K. 



A Conceptual Model for Ozone Formation in the San Joaquin Valley R-2

Magliano and A. Ranzieri, 1998. Spatial and temporal variations of particulate 

precursor gases and photochemical reaction products during SJVAQS/AUSPEX 

Ozone Episodes, Atmos. Environ., 32, 2835-2844. 

 

DeMassa, J., S. Tanrikulu, K. Magliano, A.J. Ranzieri and L. Niccum, 1996. Performance 

evaluation of SAQM in Central California and attainment demonstration for the 

August 3-6, 1990 ozone episode, Modeling Support Section, Technical Support 

Division, California Air Resources Board, Sacramento, CA. 

 

Desjardins, R.L., J.L. Macpherson, H. Neumann, G. Den Hartog and P.H. Schuepp, 1995. 

Flux estimates of latent and sensible heat, carbon dioxide, and ozone using an 

aircraft-tower combination, Atmos. Environ. 29, 3147-3158. 

 

Dickerson, R.R., Kondragunta, S., Stenchikov, G., Civerolo, K.L., Doddridge, B.G., 

Holben, B.N., 1997.  The impact of aerosols on solar ultraviolet radiation and 

photochemical smog, Science 278, 827-830. 

 

Dreher, D.B. and Harley, R.A., 1998.  A fuel-based inventory for heavy-duty diesel truck 

emissions.  J. Air & Waste Manage. Assoc. 48, 352-358. 

 

Jacob, D.J., L.W. Horowitz, J.W. Munger, B.G. Heikes, R.R. Dikerson, R.S. Artz and 

W.C. Keene, 1995. Seasonal transition from NOx- to hydrocarbon-limited 

conditions for ozone production over the Eastern United States, J. Geophys. Res., 

100, 9315-9324. 

 

Jacobson, M.Z., 1998.  Studying the effects of aerosols on vertical photolysis rate 

coefficient and temperature profiles over an urban airshed, J. Geophys. Res., 103: 

10593-10604 

 

Lehrman, D. E., T. B. Smith, W. R. Knuth and C. E. Dorman, 1994. Meteorological 

analysis of the San Joaquin Valley air quality study, atmospheric utilities 



A Conceptual Model for Ozone Formation in the San Joaquin Valley R-3

signatures, predictions and experiments (SJVAQS/AUSPEX), Final Report for 

Pacific Gas and Electric Company and California Air Resources Board.  

Technical & Business Systems, Inc., Santa Rosa, CA. 

 

Lu, C.H. and Chang, J.S., 1998.  On the indicator-based approach to assess ozone 

sensitivities and emissions features. J. Geophys. Res. 103: 3453-3462. 

 

Magliano, K.L., 1996. Descriptive analysis and reconciliation of emissions and ambient 

hydrocarbon data, SJVAQS / AUSPEX technical topic team #5 report, California 

Air Resources Board, Sacramento, CA. 

 

Martien, P. and T. Umeda, 1993.  Photochemical model sensitivity tests on the effects of 

utility boiler NOx controls on ambient ozone concentrations.  Technical 

Memorandum, BAAQMD, TM 93001, San Francisco, CA. 

 

Martien, P. and T. Umeda, 1995.  Cloud cover and mesoscale surface properties derived 

from AVHRR satellite data to supplement SARMAP field observations, 

Proceedings, Regional Photochemical Measurement and Modeling Studies, 

Volume 1, Results and Interpretation of Field Measurements, An A&WMA 

International Specialty Conference, San Diego, CA, 7-12 November 1993, ed. by 

A. J. Ranzieri and P. A. Solomon, Published by the Air & Waste Management 

Association, Pittsburgh, PA, pp. 265-284. 

 

Niccum, E. M., D. E. Lehrman and W. R. Knuth, 1995. The influence of meteorology on 

the air quality in the San Luis Obispo County - Southwestern San Joaquin Valley 

region for 3-6 August 1990, J. Appl. Meteor., 34, 1834-1847. 

 

Pederson, J.R., W.J. Massman, L. Mahrt, A. Delany, S. Oncley, G. Den Hartog, H.H. 

Neumann, R.E. Mickle, R.H. Shaw, K.R. Paw U, D.A. Grantz, J.I. Macpherson, 

R. Desjardins, P.H. Schuepp, R. Pearson, Jr., T.E. Arcado, 1995. California ozone 

deposition experiment: Methods, results, and opportunities, Atmos. Environ., 29, 



A Conceptual Model for Ozone Formation in the San Joaquin Valley R-4

3115-3132. 

 

Pun, B.K. and C. Seigneur, 1998. Conceptual model for atmospheric particulate matter in 

the California San Joaquin Valley, Document CP045-1-98, Pacific Gas and 

Electric Company, San Ramon, CA. 

 

Ranzieri, A. and R. Thuillier, 1994. SJVAQS and AUSPEX: A collaborative air quality 

field measurement and modeling program, Planning and Managing Regional Air 

Quality Modeling and Measurement Studies: A Perspective Through the San 

Joaquin Valley Air Quality Study and AUSPEX, ed. by P. A. Solomon.  

Published by Lewis Publishers, Chelsea, MI in conjunction with Pacific Gas and 

Electric Company, San Ramon, CA, pp. 1-28. 

 

Rappolt, T. J. and L.H. Teuscher, 1995. Identification of regional air mass transport using 

tracer studies, Proceedings, Regional Photochemical Measurement and Modeling 

Studies, Volume 1, Results and Interpretation of Field Measurements, An 

A&WMA International Specialty Conference, San Diego, CA, 7-12 November 

1993, ed. by A. J. Ranzieri and P. A. Solomon, Published by the Air & Waste 

Management Association, Pittsburgh, PA, pp. 166-180. 

 

Rasmussen, R.A., 1992. SJV-AUXPEX 1990 Air Quality Study. Task 3: GC-MS full 

scan analysis of canister air samples (TIC-chromatograms), Vol. 1: Ground 

samples and Vol. 2: Aircraft samples, Data Report, California Air Resources 

Board, Sacramento, CA. 

 

San Joaquin Valley Air Quality Study Policy Committee, 1996. San Joaquin Valley Air 

Quality Study Policy-Relevant Findings, California Air Resources Board, 

Sacramento, CA. 

 

Seaman, N. L., D.R. Stauffer and A.M. Lario-Gibbs, 1995. A multiscale four-

dimensional data assimilation system applied in the San Joaquin Valley during 



A Conceptual Model for Ozone Formation in the San Joaquin Valley R-5

SARMAP. Part 1: modeling design and basic performance characteristics, J. Appl. 

Meteor., 34, 1739-1761. 

 

Sillman, S., 1995. The use of NOy, H2O2, and HNO3 as indicators for ozone-NOx-

hydrocarbon sensitivity in urban locations, J. Geophys. Res., 100, 14,175-14,188. 

 

Smith, N., J.M.C. Plane, C.-F. Nien and P.A. Solomon, 1995. Nighttime radical 

chemistry in the San Joaquin Valley, Atmos. Environ., 29, 2887-2897. 

 

Smith, T. B. and D.E. Lehrman, 1995. Long-range tracer studies in the San Joaquin 

Valley, Proceedings, Regional Photochemical Measurement and Modeling 

Studies, Volume 1, Results and Interpretation of Field Measurements, An 

A&WMA International Specialty Conference, San Diego, CA, 7-12 November 

1993, ed. by A. J. Ranzieri and P. A. Solomon, Published by the Air & Waste 

Management Association, Pittsburgh, PA, pp. 151-165. 

 

Thuillier, R.H., 1997. Summary description of meteorological conditions during 

SJVAQS/AUSPEX, R&D Final Report 005-97.7, Pacific Gas & Electric 

Company. 

 

Ziman, S., 1998. Presentation at the workshop on draft emission inventory and draft 

attainment assessment, Bay Area Air Quality Management District, San 

Francisco, CA, October 8, 1998. 

 



 
 

 

 

 

 

 

 

 

 

APPENDIX III 

 

PHASE II REPORT 

INTEGRATED MODELING STUDY 95: 

ASSESSMENT OF MATHEMATICAL MODELS AND 

ASSOCIATED DATA NEEDS 



 

 

Phase II Report 

Integrated Modeling Study 95: 

Assessment of Mathematical Models and Associated Data Needs 

 

 
 
 

Prepared for 
Mr. Eugene Shelar 

Technical and Ecological Services 
Pacific Gas and Electric Company 

3400 Crow Canyon Road 
San Ramon, CA 94583 

 
 
 
 

Prepared by 
Betty Pun 

Christian Seigneur 
Atmospheric and Environmental Research  

2682 Bishop Drive, Suite 120 
San Ramon, CA 94583 

 
 
 
 
 
 

Document Number CP045-2-98 
 

14 August 1998 
 



CP045   i

Table of Contents 

 

 

 Executive Summary ........................................................................................................ E-1 

 

1. Introduction ......................................................................................................................1-1 

 1.1 Background ..........................................................................................................1-1 

 1.2 Objective ..............................................................................................................1-1 

 1.3 Outline..................................................................................................................1-3 

 

2. Modeling Requirements and PM Source Models ............................................................2-1 

 2.1 Source Models vs. Receptor Models....................................................................2-1 

 2.2 Episodic Model vs. Annual Model.......................................................................2-1 

 2.3 Recommended Domain ........................................................................................2-2 

 2.4 Particulate Matter Air Quality Models.................................................................2-3 

 

3. Mathematical Model Assessment and Recommendations for Model 

 Development ....................................................................................................................3-1 

 3.1 Input Data.............................................................................................................3-1 

  3.1.1 Meteorology .............................................................................................3-1 

  3.1.2 Emissions .................................................................................................3-4 

  3.1.3 Initial Conditions and Boundary Conditions............................................3-4 

 3.2 Particle Size Distribution and Fog Drop Size Resolution....................................3-4 

  3.2.1 Particle Size Distribution and Fog Drop Size Resolution........................3-4 

  3.2.2 Spatial Resolution ....................................................................................3-6 

 3.3 Chemical Transformation.....................................................................................3-9 

  3.3.1 Gas-Phase Chemistry ...............................................................................3-9 

  3.3.2 Aqueous-Phase Chemistry .....................................................................3-11 

 3.4 Transport and Physical Removal Processes .......................................................3-13 

  3.4.1 Ground Level Transport .........................................................................3-13 



CP045   ii

  3.4.2 Vertical Mixing and Above-Ground Transport......................................3-14 

  3.4.3 Wet Deposition.......................................................................................3-15 

  3.4.4 Dry Deposition .......................................................................................3-15 

 3.5 Recommendations for Model Development ......................................................3-16 

  3.5.1 Receptor Modeling / Source Profiles .....................................................3-16 

  3.5.2 Spatial Resolution ..................................................................................3-17 

  3.5.3 Chemistry ...............................................................................................3-17 

  3.5.4 Transport ................................................................................................3-19 

 

4. Data Requirements for Model Input and Evaluation .......................................................4-1 

 4.1 Model Inputs ........................................................................................................4-1 

 4.2 Performance Evaluation .......................................................................................4-5 

 

5. Conclusions ......................................................................................................................5-1 

 5.1 Identification of Data Gaps ..................................................................................5-1 

 5.2 Assessment of Mathematical Models...................................................................5-3 

 5.3 Data Needs ...........................................................................................................5-4 

 

 References ....................................................................................................................... R-1 



CP045   iii

 

List of Figures 

 

 

Figure 3-1 Vertical Grid of MM5 and SAQM.......................................................................3-3 

Figure 3-2 Schematic Representation of Atmospheric Layers in the San Joaquin 

  Valley ...................................................................................................................3-8 

 

 

List of Tables 

 

 

Table E-1 List of Recommended Measurements for Model Input and Evaluation ............. E-4 

 

Table 1-1 Key Attributes of the Conceptual Model for PM Formation in the 

  San Joaquin Valley in the Fall and Winter Seasons.............................................1-2 

 

Table 2-1 Attributes of Regional Scale PM Air Quality Models .........................................2-5 

 

Table 4-1 List of Recommended Measurements for Model Input and Evaluation ..............4-2 

 

 



CP045 E-1

Executive Summary 

 

A conceptual model was formulated (Pun and Seigneur, 1998) for the formation of particulate 

matter (PM) in California’s San Joaquin Valley based on the observations and analyses of data 

from the 1995 Integrated Monitoring Study (IMS 95).  Based on this conceptual model, we 

evaluate current PM air quality models, focusing on SAQM-AERO.  Key objectives of this 

report include the identification of knowledge gaps, needs for model improvement, and 

recommendations regarding the field data needed for the execution and evaluation of 

mathematical models. 

 

An approach that combines receptor modeling and source modeling is required for understanding 

the formation of primary and secondary PM in the San Joaquin Valley.  Geological material 

accounted for over 50% of PM-10 observed in the fall.  The winter PM episodes were dominated 

by fine particles, which include secondary components (e.g., ammonium nitrate) and primary 

components (from vegetative burning and mobile sources).  Receptor models, such as Chemical 

Mass Balance (CMB), can be used to address the primary sources of PM, while source models, 

such as SAQM-AERO, are best used to simulate the formation of secondary PM.  Due to the 

possibility of long-range aloft transport, we recommend for the source model a mesoscale 

domain that includes upwind metropolitan areas such as the San Francisco Bay Area, Monterey, 

and San Luis Obispo. 

 

When used with MM5, a non-hydrostatic prognostic meteorology model, SAQM-AERO 

provides adequate treatment for the complex meteorology within the San Joaquin Valley, except 

possibly for calm periods.  Major uncertainties in the emissions input must be resolved by 

measurements.  Concentration measurements at the boundaries, lateral and top, are also 

recommended.  A 12 km x 12 km grid size can capture the major features of PM build-up within 

the San Joaquin Valley.  During stagnation, however, a finer grid size may be necessary to 

decipher the diffusion processes.  The vertical range of SAQM-AERO extends to 15 km, which 

is adequate for modeling aloft transport in the free troposphere.  Near the surface, a surface layer 

submodel increases the resolution to improve model predictions when the mixing layer is 
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shallow.  Since reduced mixing heights are typically associated with PM accumulation, such a 

feature should prove useful in the application of SAQM-AERO to the San Joaquin Valley. 

 

The representation of chemistry within SAQM-AERO may not be adequate for wintertime PM 

formation.  Most gas-phase chemical mechanisms for oxidant productions have not been 

thoroughly tested in cool, foggy conditions.  CBM-IV, the only mechanism currently 

implemented in SAQM-AERO, does not explicitly treat organic peroxides, which may be 

important radical termination products if the oxidant chemistry is NOx-sensitive.  Secondary 

organic aerosols (SOA) are simulated in CBM-IV; however, the current partition scheme 

amounts to a rudimentary fixed aerosol yield approach.  The thermodynamic module, 

SEQUILIB, was found to perform well under the high nitrate, high ammonia conditions 

prevalent with the San Joaquin Valley (Zhang et al., 1998).  However, aqueous-phase reactions 

are not represented.  The aqueous oxidation of SO2 to sulfate and the hydrolysis of N2O5 in the 

presence of droplets should be modeled if SAQM-AERO were to be applied to the San Joaquin 

Valley, where fog is typically associated with the winter PM episodes. 

 

Gaps in current knowledge include the VOC or NOx sensitivity of the oxidant system in the San 

Joaquin Valley, the rates of photolysis reactions in fog, the details of SOA formation, the source 

of fog buffering in some urban areas, and the transport processes responsible for the regional 

distribution of pollutants under calm conditions.  We divided the key areas for model 

development and testing needs into two categories as follows. 

 

(1)  Areas where development is absolutely needed for the San Joaquin Valley application: 

�� Incorporate a detailed aqueous-phase chemical mechanism 

�� Reduce numerical diffusion during stagnation 

�� Implement plume-in-grid treatment for point and area sources 

�� Improve treatment of secondary organic aerosols 

 

(2)  Areas where testing is needed to ensure the accuracy of the model and, if testing is not 

satisfactory, development is needed: 

�� Implement SAPRC as an audit for the CBM-IV mechanism in SAQM-AERO 
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�� Resolve mass adjustment issue by modifying MM5 post-processing procedures 

�� Test photolysis rates by comparing calculated radiative fluxes with measurements of UV and 

broad radiation 

�� Resolve vertical transport inconsistencies (K-theory vs. ACM) 

�� Test surface layer submodel (SLS) and modify as needed 

�� Resolve difference in dry deposition prediction of SAQM-AERO and other air quality 

models 

 

A host of information is required for the execution and evaluation of the source model.  

Meteorological data, emissions data, and initial and boundary conditions (i.e., ambient 

concentrations) are required as inputs for the PM air quality model.  Ambient concentrations and 

fluxes (e.g., deposition) of PM and precursors are needed to evaluate model performance.  These 

data needs for model input and evaluation are summarized in Table E-1. 
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Table E-1.  List of Recommended Measurements for Model Input and Evaluation. 

Data Spatial Resolution Temporal Resolution 

Meteorology 

Wind Speed and Direction 

Temperature 

Mixing Height 

Relative Humidity 

Solar Radiation 

Fog / Clouds 

 

Surface and Aloft 

Surface and Aloft 

Surface or Aircraft 

Surface and Aloft 

Surface and Aloft 

Surface and Satellite 

 

< 1 hour * 

< 1 hour 

< 1 hour 

< 1 hour # 

< 1 hour 

< 1 hour 

Emissions (PM-2.5, PM-10, Precursor 
Gases) 

Profiles (Anthropogenic, Biogenic) 

Emission Factors 

 

Representative Sources 

Major Sources 

 

N/A 

1 to 4 hours 

PM-2.5 / PM-10 

Total Mass 

Sulfate 

Ammonium 

Nitrate 

Elemental carbon 

Organic carbon (speciated) 

Chloride 

 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

 

1 to 4 hours 

1 to 4 hours 

1 to 4 hours 

1 to 4 hours 

1 to 24 hours 

1 to 24 hours 

1 to 4 hours 

Gases 

O3 

NO 

NO2 

VOC (Speciated) 

HNO3 

NH3 

H2O2 

Organic Peroxides 

PAN 

OH 

HO2 

NO3 

 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface 

Surface 

Surface 

 

1 hour 

1 hour 

1 hour 

1 to 4 hours 

1 hour 

1 hour 

1 hour 

1 hour 

1 hour 

1 hour 

1 hour 

1 hour 
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Table E-1.  List of Recommended Measurements for Model Input and Evaluation (continued). 

 

Data Spatial Resolution Temporal Resolution 

CO 

SO2 

Surface and Aloft 

Surface and Aloft 

1 hour 

1 hour 

Droplet Chemistry 

Liquid Water Content 

Sulfate 

Nitrate 

Ammonium 

Chloride 

H2O2 

Sulfite 

H+(pH) 

Dissolved Fe3+ and Mn2+ 

 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

During Fog Event Only: 

1 hour  

1 hour  

1 hour  

1 hour  

1 hour  

1 hour  

1 hour  

1 hour  

1 hour  

Wet Deposition 

Sulfate 

Nitrate 

Ammonium 

Representative Locations During Fog Event Only 

1 hour 

1 hour 

1 hour 

Dry Deposition 

PM-2.5 

PM-10 

HNO3 

NH3 

SO2 

O3 

Different Surface Types 
(aircraft measurements or 
tower measurements) 

Representative 
Meteorology 

* 5-minute temporal resolution is desired during stagnation  
# 5-minute temporal resolution is desired during fog 
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1. Introduction 

1.1 Background 

Elevated levels of Particulate Matter (PM) were observed during the fall and winter seasons in 

the California San Joaquin Valley.  Both PM-10 and PM-2.5 exceeded the respective 24-hour 

average National Ambient Air Quality Standards (NAAQS) during the Integrated Monitoring 

Study of 1995 (IMS 95).  In addition, existing data suggest a non-attainment status of the annual 

average of PM-2.5 in several populated areas of the San Joaquin Valley. 

 

In Phase I of this work, we assimilated information from the data analysis reports of IMS 95 into 

a coherent conceptual model.  The formulation of the conceptual model was based on our 

understanding of the chemical transformations and physical transport processes that contributed 

to elevated levels of PM in the San Joaquin Valley during the fall and winter seasons.  The 

conceptual model is discussed in the Phase I report titled “Conceptual Model of Particulate 

Matter Pollution in the California San Joaquin Valley” (Pun and Seigneur, 1998).  Table 1-1 

summarizes the key meteorological and air quality attributes of the conceptual model. 

 

1.2 Objective 

The conceptual model of PM formation in the San Joaquin Valley developed in Phase I can be 

used to guide the development of mathematical models.  The objectives of Phase II are: 

�� assess the ability of existing mathematical models to represent PM formation, 

�� identify gaps in current knowledge and needs for model improvement, 

�� recommend specific tasks for field measurements, data analyses, and model performance 

evaluation. 

 



CP045 1-2

Table 1-1.  Key Attributes of the Conceptual Model for PM Formation in the San Joaquin 

Valley in the Fall and Winter Seasons 

 

Meteorology 

Cool Temperatures 

Stagnant Conditions (Calm Winds) 

Fog  (Primarily in Winter) 

Complex Terrain 

Valley Geography 

Air Quality 

Sulfate Poor Environment with Respect to Ammonia 

Nitric Acid-Sensitive Conditions for PM Nitrate 

Local Sources 

Transport (Various Ranges) 

Oxidant Production 
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1.3 Outline 

In Section 2, we discuss general modeling requirements based on the conceptual model and the 

selection of mathematical models for the San Joaquin Valley episodes.  In Section 3, we assess 

the adequacy of current mathematical representations of the key processes responsible for PM 

formation in the San Joaquin Valley, focusing our discussion on one model, SAQM-AERO.  The 

discussion in Section 3 also identifies tasks for further model development.  Section 3 is further 

divided into subsections that address the input data requirements, resolution (spatial, temporal, 

and size), chemical transformation routines, and physical transport and removal processes of the 

model.  Data requirements for model execution and performance evaluation are highlighted in 

Section 4.  Conclusions are presented in Section 5. 
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2. Modeling Requirements and PM Source Models 

 

2.1 Source Models vs. Receptor Models  

The receptor modeling work of Magliano (1997) and Schauer and Cass (1998) indicates the 

presence of both primary and secondary components in PM-10 and PM-2.5.  In the fall, over 

50% of the observed PM-10 mass was attributed to geological material (dust).  Urban PM-2.5 in 

the winter contained significant contributions from automobile emissions and vegetative burning.  

In addition to natural and anthropogenic primary emissions, PM also contained secondary 

components, including ammonium nitrate, which were dominant components in the winter at 

rural sites.  Seigneur et al. (1998a) reviewed source models and receptor models for PM and 

recommended that receptor models be used to address the source of primary PM (e.g., fugitive 

dust) and that source models be used for secondary PM.  Their recommendations are based on 

the fact that the large uncertainties associated with emissions of some primary PM sources (e.g., 

fugitive dust) limit the expected performances of source models for primary PM, whereas 

receptor models are limited in their ability to apportion secondary PM to specific sources.  

Therefore, receptor models, such as Chemical Mass Balance (CMB), should continue to be 

applied in future studies to characterize primary PM in the winter and fall seasons.  These 

models must, however, be complemented by source models, which are currently the best 

available tools for characterizing the formation of secondary PM components. 

 

2.2 Episodic Model vs. Annual Model  

Although both the annual average and 24-hour average PM are expected to exceed the respective 

NAAQS, we focus on the assessment of episodic models.  Long-term models have significant 

uncertainties in the formulation of their chemistry routines, and were not recommended for use 

in state implementation plans (SIP) (Seigneur et al., 1998a).  An episodic model has been applied 

for a full year to simulate ozone concentrations in southern California (Glen Cass, private 

communication, 1998).  However, the additional computational requirements associated with the 

simulation of PM formation and the fact that the annual PM-2.5 standard is an arithmetic average 
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of three consecutive annual average values (i.e., a three-year average) still limit the application 

of an episodic model to simulate annual PM-2.5.  The alternative approach involves the use of 

episodic source models to predict the annual-average PM by combining episodic model results 

based on the frequencies of several types of meteorology.  In this regard, episodic models are 

essential tools for compliance modeling of both the 24-hour average and annual average PM 

NAAQS. 

 

2.3 Recommended Domain 

A regional model is recommended for modeling PM-10 and PM-2.5 in the San Joaquin Valley.  

Regional models are typically designed to represent domains of scale greater than 1000 km, but 

can be adapted to smaller domains for mesoscale modeling by reducing the grid size.  Urban 

scale models, such as UAM and CIT, may not be suitable for the San Joaquin Valley domain 

because of their limited treatment of upper air (free troposphere) meteorology (Seigneur et al., 

1998a). 

 

The winter distribution patterns of PM-2.5 suggest that the southern San Joaquin Valley must be 

treated as one system.  Collins (1998) determined that clean air / non-anthropogenic background 

concentrations were not observed within the southern part of the San Joaquin Valley during IMS 

95, and that no well-defined transport boundaries were observed.  (Background concentrations 

were observed at elevated sites, which are probably not representative of valley locations.)  

Although there was no direct evidence to support long-range transport above the surface layer, 

this was postulated to be a mechanism for the dispersion of PM precursors within the valley.  

Therefore, it seems appropriate to extend the modeling domain beyond the valley to include as 

many potential upwind sources as possible.  We recommend a domain that covers the 

metropolitan San Francisco Bay Area on the northeast, Monterey and San Luis Obispo along the 

coast, and the Tehachapi pass on the south (where polluted air exits the valley).  The Sierra 

Nevada mountain range should be included in the domain to the east, because drainage flows and 

other relief-driven wind patterns may affect the dispersion of PM and PM precursors within the 

valley.   
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Combined regional- and urban-scale influences were consistent with the observations for PM-2.5 

and PM-10.  Consequently, it is advisable to model urban areas within the San Joaquin Valley 

(such as Fresno and Bakersfield) with better spatial resolution than afforded by typical regional / 

mesoscale resolution.  Therefore, a model with nested grid capabilities is recommended for the 

domain. 

 

2.4 Particulate Matter Air Quality Models 

Seigneur et al. (1998a) reviewed seven episodic PM air quality models, including: 

 

�� The California Institute of Technology model (CIT) 

�� The Denver Air Quality Model (DAQM) 

�� The Gas, Aerosol, Transport and Radiation model (GATOR) 

�� The Regional Particulate Model (RPM)  

�� The SARMAP Air Quality Model with Aerosols (SAQM-AERO) 

�� The Urban Airshed Model Version IV with Aerosols (UAM-AERO) 

�� The Urban Airshed Model Version IV with Aerosol Inorganic Model (UAM-AIM) 

 

The Regional Particulate Model provides the scientific formulation for the aerosol modules of 

two forthcoming PM air quality models: the Community Multiscale Air Quality Model (CMAQ) 

of Models-3 and the Multiscale Air Quality Simulation Platform (MAQSIP) of the 

Environmental Decision Support System (EDSS).  DAQM has since the review been updated to 

DAQM-2, which is basically equivalent in its formulation to CMAQ and MAQSIP.  Of these 

source models, three are based on urban-scale air quality models (CIT and UAM) that may be 

inappropriate for modeling PM within the San Joaquin Valley, because of the possible 

importance of long-range transport in an atmospheric layer decoupled from the surface layer (see 

Pun and Seigneur, 1998).  Table 2-1 summarizes the major attributes of the other four regional 

PM air quality models.  SAQM-AERO is a mesoscale model, which treats both the planetary 

boundary layer and the free troposphere.  It has been applied to the San Joaquin Valley (Dabdub 

et al., 1998) and is currently being applied to Los Angeles, California (Pai et al., 1998).  SAQM-

AERO is available from the California Air Resources Board (whereas MAQSIP and Models-3 
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are not as readily available).  SAQM-AERO also has an operational advantage over a research 

grade model such as GATOR, which has to be run on a Cray computer.  For these reasons, 

SAQM-AERO was selected for a detailed assessment based on the modeling requirements 

inferred from the conceptual model. 
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Table 2-1.  Attributes of Regional Scale PM Air Quality Models (Adapted from Seigneur et al., 1998a) 

PM Air 
Quality 
Model 

Host Air 
Quality 
Model 

Meteorological 
Model 

Gas-Phase 
Chemistry 

Aerosol 
Thermodynamics 

Inorganic PM Organic PM Size 
Distribution 

SAQM-AERO SAQM MM5 CBM-IV SEQUILIB Sulfate, nitrate, 
ammonium, 
chloride, sodium, 
other PM material 

Saturation vapor 
pressure defined for 
one condensable 
product of VOC 
oxidation 

One section 
(PM-10) in 
latest 
applications 

DAQM(1) RADM MM4 RADM2 MARS Sulfate, nitrate, 
ammonium, EC, 
geological 
material, water 

Fixed fractional 
yields of VOC 
oxidation by OH 

Fine and coarse 
modes 

GATOR GATOR MMTD GATOR EQUISOLV Sulfate, nitrate, 
ammonium, 
chloride, sodium 
potassium calcium 
magnesium, EC, 7 
metal oxides, 
other PM material 

10 soluble and 
condensable 
organic compounds 

Sectional 
distribution (16 
sections up to 74 
µm in latest 
application) 

CMAQ(2) 
/Models-3 
MAQSIP (3) 
/EDSS 

CMAQ and 
MAQSIP 

MM5 RADM2, 
CBM-IV 

MARS-A Sulfate, nitrate, 
ammonium, other 
PM material 

Saturation vapor 
pressure defined for 
one condensable 
product of VOC 
oxidation 

Lognormal 
distributions 
representing 
three modes up 
to 10 µm 

(1) DAQM is being replaced by DAQM2, which is equivalent to MAQSIP with PM and cloud processes. 
(2) CMAQ: Community Multiscale Air Quality  Model is the air quality model in Models-3 
(3) EDSS: Environmental Decision Support System; MAQSIP: Multi-scale Air Quality Simulation Platform; MAQSIP is the air quality model in EDSS 
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3. Mathematical Model Assessment and Recommendations for 
Model Development 

 

SAQM-AERO has previously been applied to simulate a summer PM episode in the San Joaquin 

Valley (Dabdub et al., 1998).  The modeling domain was very similar to the recommended 

domain and stretched from north of Sacramento to south of Arvin and San Luis Obispo.  This 

domain covered the key upwind metropolitan areas such as the San Francisco Bay Area and the 

Monterey and San Luis Obispo regions.  Air entering the valley from the San Francisco Bay 

Area may travel south to the San Joaquin Valley or north into the Sacramento valley.  The 

inclusion of Sacramento completed the meteorological picture of the valley. 

 

3.1 Input Data 

3.1.1 Meteorology 

The three-dimensional meteorological input fields of wind flow, temperature, pressure, and water 

vapor concentration may be calculated using a diagnostic or a prognostic meteorological model.  

Diagnostic models interpolate between observations, generally with some algorithm to preserve 

mass balance.  Prognostic models solve the primitive equations of mass, momentum, and heat 

conservation to simulate the evolution of wind, temperature, pressure, and water vapor 

concentration as a function of time and space.  When the prognostic model is run in the four-

dimensional data assimilation (FDDA) mode, available observations are used to nudge the 

calculated meteorological fields.  In areas with complex terrain such as the California San 

Joaquin Valley, a non-hydrostatic prognostic model is recommended to provide accurate 

predictions of mountain-valley wind patterns.  Localized flows such as drainage flows and the 

Fresno eddy are examples of topographical effects that need to be simulated.  As fog and low 

clouds were observed in the winter IMS 95, either a meteorological model that includes a cloud / 

fog module or a separate radiation fog model is needed to complete the meteorological 

description.  Since the recommended modeling domain extends to the metropolitan areas along 

the coast, the meteorological model also needs to simulate land-sea breezes. 
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The meteorological fields for SAQM-AERO are provided by MM5, a prognostic, non-

hydrostatic mesoscale meteorological model with FDDA capabilities.  MM5 performs well in 

cases of complex topography and is suitable for modeling the vertical air motions in the 

mountainous areas of the San Joaquin Valley.  In previous applications of MM5 to the San 

Joaquin Valley, details of topography-dominated flows such as the Fresno eddy have been 

resolved with a grid resolution of 4 km by 4 km.  MM5 is currently being augmented in its 

capabilities of simulating fog and clouds under a CARB contract to use MM5 to simulate winter 

PM episodes within the San Joaquin Valley (Saffet Tanrikulu, personal communication, 1998).  

It should be noted that none of the available meteorological models, MM5 included, has been 

shown to perform well for calm conditions, which are quite prevalent in the San Joaquin Valley 

during winter. 

 

When used as an input to an air quality model, the fields calculated by the meteorological model 

are processed so that the spatial and temporal resolutions match the requirements of the air 

quality model.  A mismatch between the model resolution and the input data may cause 

uncertainties in the model predictions.  MM5 uses a 4-km (or finer) grid to simulate the 

meteorology within the San Joaquin Valley.  However, in the past, air quality applications 

employed grid cells of 12 km.  MM5 also has finer vertical resolution than SAQM-AERO (see 

Figure 3-1).  Therefore, the output of MM5 must be spatially averaged when used as input to 

SAQM-AERO.  Furthermore, temporal interpolation is also needed because MM5 outputs the 

meteorological variables at the end of each hour while SAQM requires finer temporal resolution.  

Errors are thus introduced into the meteorological fields in the processing procedures.  These 

errors are propagated in the air quality model simulation, resulting in uncertainties in the 

calculations of air quality variables.  In addition, differences in the advective schemes of MM5 

and SAQM-AERO may cause the pollutants (modeled in SAQM-AERO) to advect at a different 

rate or in a different direction than the parcel of air (advected in MM5) in which they are 

originally located.  There are, therefore, several difficulties in using a meteorological model to 

provide meteorology inputs for an air quality model. 
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Figure 3-1.  Vertical Grid of MM5 and SAQM 
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3.1.2 Emissions 

The emissions that are important in the predictions of PM in the San Joaquin Valley include both 

primary sources of PM and precursors to secondary PM components.  Emissions models relate 

the emissions of a source to a concentration profile for that type of source and the source 

strength, derived from the activity level (which may vary with time).  There are major 

uncertainties associated with the concentration profiles and the source strength estimates; these 

uncertainties are discussed in Section 4. 

 

3.1.3 Initial Conditions and Boundary Conditions 

Initial and boundary conditions are needed to solve the partial differential equations in the PM 

air quality model.  Initial conditions for the gas-phase concentrations of NOx (NO + NO2), sulfur 

dioxide (SO2), ammonia (NH3), speciated volatile organic compounds (VOC), and other key 

chemical (e.g., HNO3, H2O2, O3) are needed in each grid cell.  Furthermore, PM concentrations 

(PM-2.5 and PM-10) and particle composition are also required.  If the particle size distribution 

is simulated, its initial distribution must be precribed.  A spin-up period of 12-36 hours is used in 

the SAQM-AERO modeling protocol to minimize the effects of initial conditions on the 

predictions of the model.  Boundary conditions are required at the lateral boundaries, at the 

surface (emissions – deposition), and at the top of the domain for the variables mentioned above 

for the initial conditions.  The data requirements are discussed in detail in Section 4. 

 

3.2 Resolution 

3.2.1 Particle Size Distribution and Fog Drop Size Resolution  

The conceptual models indicate that the PM-10 problem in the fall of IMS 95 was different in 

several aspects from the PM-2.5 issue in the winter episodes.  The fall PM episodes were 

dominated by geological material.  Being mechanically generated, geological material was likely 

to populate the coarse fraction (> PM-2.5) of the size distribution.  In the winter, however, 

secondary fine particles account for 70-80% of the observed PM.  Therefore, we recommend that 

separate size fractions be used to treat the fine and coarse particles.  At least two fractions should 
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be used to represent PM-2.5 and PM-10.  Several current models use 8 or more size fractions to 

represent the particle size distribution.  Overlapping lognormal distributions may also be used to 

represent particle size distributions with multiple modes (e.g., in Models-3).  It is debatable 

whether those size distributions, using either sectional or modal representations, are necessary to 

address the PM NAAQS.  Processes such as dry and wet deposition, cloud processes, light 

scattering, and in some cases, gas/particle partition strongly depend on particle size.  However, 

uncertainties in the parameterization of these processes are likely to exceed the uncertainty that is 

introduced by using a default particle distribution (e.g., deduced from relevant ambient 

measurements) instead of calculating the evolution of modeled size distribution. 

 

The size distribution of fog droplets also needs to be considered in PM modeling.  The 

composition of droplets is a function of size.  Due to the difference in pH among droplets of 

different diameters, the production rate of sulfate is a function of the droplet size.  Gurciullo and 

Pandis (1997) showed that bulk aqueous-phase models always underpredict sulfate formation 

compared to a size-resolved one (they used seven sections in their modeling analysis).  In 

addition to the production of PM sulfate and nitrate, fog droplets also remove PM when they 

settle to the ground.  Since the settling velocity of droplets is a function of its size, accurate 

prediction of the wet deposition efficiency of PM requires information of the droplet size 

distribution.  The optimal number of fog droplet sections is a compromise between the accuracy 

of the predictions and the computation requirements.  We recommend a small study to weigh the 

computational cost against the accuracy gained by increasing the size resolution of droplets and 

determine the optimal number of fog sections to use in the model. 

 

A sectional approach is included in the aerosol module of SAQM-AERO to represent particles 

and droplets.  The modeling design allows the user to specify the section sizes used in each 

distribution.  The original authors recommended using at least 8 size fractions for particles 

between 0.01 to 10 µm, and one section above 10 µm if fogs occur in the simulation period.  

However, the model has so far been applied in the San Joaquin Valley and the Los Angeles 

Basin with a single PM-10 size fraction (Dabdub et al., 1998; Pai et al., 1998).  Neither 

application includes the modeling of droplets (> 10 µm).  As we discussed above, it would be 

preferable to simulate the PM size distribution with two sections (PM-2.5 and coarse PM-10) and 
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the fog droplet size distribution with 2-3 sections, for example.  If the model were to be applied 

with a fine size resolution of PM and a single size of fog droplets, the PM size distribution would 

be lost as fog is formed and could not be recovered as fog evaporates. 

 

3.2.2 Spatial Resolution  

Despite similarities in the build-up pattern of PM, the four core sites showed different PM 

concentrations during the winter episodes of IMS 95.  Ground level winds were typically light (< 

2 ms-1); above ground wind speeds could be significantly higher (up to 15 ms-1 on some days).  

The typical spatial resolution of 10-12 km used in the mesoscale air quality simulation (e.g., by 

SAQM-AERO) of the San Joaquin Valley (Seaman et al., 1998) should capture the major 

features of the PM accumulation pattern and the associating processes.  (The meteorology model 

MM5 was run at a 4-km spatial resolution.)  During a stagnant period (3 to 5 hours), the median 

transport length scale was about 4 km, with turbulent diffusion dominating over ground-level 

advection on some occasions.  In the modeling context, dispersion of pollutants between grid 

cells would be limited under these conditions during each time step.  It is essential to limit the 

extent of numerical diffusion in the solution of the advection equation in order to obtain an 

accurate solution of the pollutant transport equations.  Smaller grid cells may be necessary to 

decipher the transport processes.  

 

As discussed in Section 2.3, increased resolution is recommended in the urban areas (e.g., 

Fresno, Bakersfield, San Francisco Bay Area) where many emissions sources are confined in a 

relatively small area.  Nested grids with a resolution of 3 to 4 km (i.e., grid size of urban-scale 

models) are recommended for these areas.  Strong local sources with neighborhood zone of 

influence (< 1 km) were consistent with the observations of IMS 95, especially during the fall 

season for PM-10.  These sources cannot be modeled under the Eulerian grid-based framework 

of PM air quality models and should be analyzed by another technique such as receptor 

modeling. 

 

There are typically three layers observed during the winter of 1995, schematically shown in 

Figure 3-2.  The altitudes of the various layers varied with time and location.  The depth of the 
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surface layer ranged from a few hundred meters to about 1000 m.  At night, the surface layer was 

further divided into an inversion layer of 50 – 100 m and a decoupled surface layer.  The upper 

mixed layer was typically between about 1 km and 2 km.  The decoupled layer was roughly 2 km 

above ground level, and was free from terrain effects (free troposphere).  The observed afternoon 

mixing layer height ranged from 125 m to 1100 m during the winter PM episodes of IMS 95.  

Therefore, a vertical resolution of less than 1 km near the ground is required to observe the 

pollutant build up in the surface layer, especially the inversion layer and the decoupled surface 

layer in the evening, and the upper mixed layer.  Above 2 km, a vertical resolution of 1 km 

appears sufficient to simulate the air movement and concentration profiles in the decoupled 

layer. 

 

In the previous applications of air quality models, the San Joaquin Valley domain was divided 

into a 12 km x 12 km regular grid in the horizontal direction.  This spatial resolution should be 

adequate in capturing the major features of the PM buildup within the San Joaquin Valley.  It is 

also possible to reduce the grid size of a regional model further by increasing the number of grid 

cells within the domain so as to provide a more detailed treatment of diffusion during stagnation.  

A nested grid version of SAQM exists and has been applied to the California San Joaquin Valley 

with three imbedded resolution of 36, 12, and 4 km horizontal grid size (Seigneur et al., 1998a, 

and references therein).  The nested grid feature of SAQM has not been incorporated into 

SAQM-AERO.  

 

SAQM-AERO is currently used with a 15-level vertical resolution from the ground to about 15 

km (see Figure 3-1).  Since the afternoon mixing height ranged from 125 m to 1100 m during the 

winter IMS 95 PM episodes, higher resolution is desirable close to the surface.  A surface layer 

submodel (SLS) has been included in SAQM-AERO.  This submodel increases the vertical 

resolution (60 m) at the surface and should improve the simulation of atmospheric chemistry, dry 

deposition, and emissions at night or when the mixing layer is shallow.  Therefore, SAQM-

AERO should provide adequate vertical resolution for simulating the San Joaquin Valley 

atmosphere. 
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Figure 3-2. Schematic Representation of Atmospheric Layers in the San Joaquin Valley. 

(Representations of heights and times are approximate.) 
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3.3 Chemical Transformations 

3.3.1 Gas-Phase Chemistry 

Oxidant Chemistry (OH, O3, NO3) 

VOC / NOx / oxidant chemistry affects the formation of all secondary PM components.  The 

formation of ammonium nitrate is probably limited by the availability of HNO3.  The reactions 

responsible for the formation of HNO3 are the oxidation of NO2 by OH and the hydrolysis of 

N2O5, which can occur in both the gas phase and the aqueous phase.  N2O5 is a combination 

product of NO2 and NO3, and NO3 is in turn produced in the oxidation reaction of NO2 by O3.  

H2SO4 is formed in the gas phase and in the aqueous phase.  The main gas-phase production 

route is the oxidation of SO2 by OH.  (The aqueous-phase oxidation of dissolved SO2 by 

atmospheric oxidants is discussed in the next section.)  Organic aerosols are produced in the 

atmospheric reactions of organic compounds with OH, O3, and NO3.  Therefore, the abundance 

of oxidants such as OH and O3 is an important factor in the production of nitrate, sulfate, and 

secondary organic aerosols (SOA).  In addition, H2O2, a potent oxidant for SO2 in the aqueous 

phase, is a termination product of the gas-phase radical reactions.  Organic peroxides may also 

contribute to the aqueous oxidation of SO2.  A prerequisite of accurate predictions of secondary 

inorganic and organic aerosols from a PM air quality model is an up-to-date gas-phase chemistry 

module that provides accurate predictions of key oxidants such as O3, OH, NO3, and H2O2.  In 

particular, it is important to understand whether the oxidant system is in a VOC- or NOx-

sensitive regime when evaluating control strategies for secondary compounds. 

 

Two gas-phase mechanisms were implemented in SAQM, SAPRC and CBM-IV.  However, only 

CBM-IV is incorporated in the current version of SAQM-AERO.  CBM-IV uses a unique 

lumped structure approach to represent organic compounds.  It has been extensively tested 

against environmental chamber data, and gives O3 predictions that are similar to other commonly 

used mechanisms such as SAPRC and RADM.  H2O2, OH, and NO3 are modeled in CBM-IV.  

However, the applicability of CBM-IV to NOx-sensitive chemistry may be complicated by the 

fact that CBM-IV provides no explicit treatment of organic peroxides in its current form.  The 

condensed representation of the alkane and alkene reactions were developed based on the 

reactions of peroxyl radicals (RO2) with NOx only (typical of many urban areas), and NOx-
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sensitive oxidant chemistry (i.e., radical-radical reactions such as RO2 + HO2) was not 

considered in the original mechanism design (Gery et al., 1988).  There was some evidence to 

support NOx-sensitivity of oxidant chemistry within the San Joaquin Valley during the summer 

season (Lu and Chang, 1998).  Any comprehensive effort to address O3 and PM controls would 

require models that are capable of addressing both VOC- and NOx-sensitive chemistry regimes. 

 

The treatment of fog is limited in SAQM-AERO.  In addition to serving as reactors for aqueous-

phase chemistry, fog also alters the rates of gas-phase reactions.  Photolysis rates are reduced 

within the fog layer and increased above due to back scattering of sunlight above the fog layer.  

In light of the effects of the photolysis reactions on the accumulation of NO3 (and NO2) and the 

formation of N2O5, it is possible that a more refined treatment of actinic fluxes is needed in 

SAQM-AERO (e.g., a detailed radiative transfer simulation such as that done in GATOR). 

 

Secondary Organic Aerosol (SOA) Formation 

Organic aerosols are formed in the atmospheric oxidation of alkanes, alkenes, and aromatic 

compounds.  These organic compounds may be anthropogenic and biogenic in origin.  In the 

smog chamber, the reactions of anthropogenic alkenes with O3, and aromatic compounds with 

OH are known to produce particulate products.  Aerosol formation is also observed when 

biogenic compounds, especially monoterpenes and more complex biogenic hydrocarbons, react 

with OH, O3, and NO3 in the ambient atmosphere.  In addition, many oxygenated biogenic 

compounds may produce multifunctional products that are soluble in water. 

 

Two types of information are needed for the detailed modeling of SOA: (1) speciated 

anthropogenic and biogenic organic emissions inventory, and (2) mechanistic information 

regarding the formation of condensable products.  Although many of the condensable organic 

compounds are not identified, parametric approaches based on empirical results have been used 

to model the formation of condensable products and secondary organic aerosol.  Implementing 

the SOA calculations involves modifications of the chemical mechanism to include condensable 

compounds.  In addition, the partition of the condensable compounds between the gas and 

particle (aqueous and non-aqueous) phase must be treated.  Organic compounds that partition 

into the aqueous phase may enhance or reduce water uptake by the inorganic components 
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(Saxena et al., 1995).  The physical explanation of this phenomenon has not been well 

elucidated, although it is known that some organic compounds are hygroscopic while others may 

act as surfactants. 

 

The treatment of SOA in SAQM-AERO involves the formation of a condensable product.  A 

saturation vapor pressure is specified, below which the compound partitions into the gas phase, 

and above which the compound condenses until the gas-phase concentration reaches the 

saturation vapor pressure.  In the current implementation of SAQM-AERO, a zero saturation 

vapor pressure has been specified.  This formulation amounts to fixed fractional yields of PM 

directly from the gas-phase reactions.  In the CBM-IV mechanism, SOA is produced in the OH-

reactions of the paraffin bond (PAR) and aromatic structures (TOL, CRES, and XYL).  The 

olefin bond (OLE) reacts with OH, O3, NO3, and O to produce SOA.  (The O atom reaction is 

expected to be unimportant in the ambient atmosphere.)  In addition, a separate olefin species 

(OLE2), which has identical gas-phase reaction rates and products but a higher SOA yield, was 

added to the CBM-IV mechanism to represent reactive biogenic alkenes.  The fractional yields 

were obtained from Pandis et al. (1992).  The fixed yield approach has been used extensively for 

modeling SOA.  However, different organic precursors are likely to produce condensable 

compounds with different partition characteristics or vapor pressures.  Modeling a single 

condensable compound that is completely non-volatile is unrealistic.  An alternative modeling 

approach is based on the partition of condensable compounds through equilibrium absorption 

into an organic phase (e.g., Pankow, 1994; Odum et al., 1997).  However, some organic 

compounds are known to be hydrophilic (Saxena and Hildemann, 1996) and absorption into an 

aqueous phase is also a plausible pathway for SOA formation. 

 

3.3.2 Aqueous-Phase Chemistry  

Aqueous-phase chemistry, especially in fog droplets, plays an important role in the formation of 

secondary particles, especially sulfate and nitrate compounds.  Sulfates are produced in the 

aqueous phase by the oxidation reaction of dissolved SO2.  H2O2, O3, and O2 (reaction catalyzed 

by Fe3+ or Mn2+) are the key oxidizing agents found in the San Joaquin Valley fog.  The relative 

rates of these reactions are functions of oxidant concentrations and the pH of the droplet.  Since 

the oxidation rates of SO2 by O3 and O2 decrease with decreasing pH, these reactions are self-
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limiting because their rates decrease as the product (H2SO4) accumulates in the fog droplet.  On 

the other hand, the rate of the SO2-H2O2 reaction is insensitive to pH, and this reaction can 

remain competitive at low pH.  An understanding of the dominant reaction(s) responsible for the 

formation of sulfates at different stages of a fog episode is important for developing control 

options for this PM component.  HNO3 is produced in the aqueous phase as well.  The hydrolysis 

of N2O5 to form HNO3 is much faster in the aqueous phase than in the gas phase.  Reactions that 

produce secondary H2SO4 and HNO3 need to be represented in detail in the aqueous-phase 

chemistry module.  Seigneur (1994) recommended a model that includes 40-70 reactions of 

radicals, metals, and organic compounds.  Pandis et al. (1998) used an aqueous-phase 

mechanism with 109 reactions in their fog model studies. 

 

Fog droplets in the urban areas of the San Joaquin Valley (Bakersfield and Fresno) were found to 

be highly buffered between pH 4 to pH 7 (Collett et al., 1998), although the nature of the 

buffering agent was not identified.  Additional species and reactions are probably required, even 

in the most comprehensive aqueous-phase mechanisms, to represent the buffering process.  

Alternatively, a parametric approach may be used with a simpler mechanism in the interest of 

computational resources needed to model fog droplets. 

 

In addition to the chemical reactions of sulfate and nitrate, current aerosol modules also treat the 

equilibrium relationships between gas-phase and aqueous-phase compounds and those between 

aqueous species.  Furthermore, particulate water is associated with inorganic compounds, 

especially when the relative humidity is above the deliquescence point of the solute mixture.  

The amount of water plays a direct role in the size distribution of particles and droplets. 

 

The formation of sulfate and nitrate in fog is not treated in the current version of SAQM-AERO.  

The original SAQM model contains the RADM cloud process module; however, it has not been 

activated in the SAQM-AERO implementation.  The RADM aqueous-phase chemistry, used in 

Models-3 (CMAQ) and MAQSIP, contains explicit, pH-dependent SO2 oxidation reactions.  

GATOR provides a more detailed description of the aqueous-phase reactions using a 64-reaction 

mechanism. 
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SAQM-AERO’s aerosol module SEQUILIB treats the dissociation and equilibrium reactions 

involving inorganic molecules and ions, and calculates the gas-phase concentrations of NH3, 

HCl, HNO3, and the particulate-phase concentrations of H2O, Na+, NH4
+, H+, SO4

2-, HSO4
-, Cl-, 

NO3
-, H2SO4, Na2SO4, NaHSO4, NaCl, NaNO3, NH4Cl, NH4NO3, (NH4)2SO4, NH4HSO4, and 

(NH4)3H(SO4)2.  A recent study (Zhang et al., 1998) showed that SEQUILIB compares well with 

the predictions of the more comprehensive SCAPE2 model under the high nitrate, high ammonia 

conditions found in the San Joaquin Valley.  However, the predictions deviate from those 

obtained with more comprehensive modules (e.g., SCAPE2) by up to 40% in test cases with high 

sulfate and high chloride (Zhang et al., 1998). 

 

3.4 Transport and Physical Removal Processes 

3.4.1 Ground Level Transport 

Advection and diffusion are standard transport processes simulated in most PM air quality 

models.   When the mean wind speed is high, advection by the mean air movement is the 

dominant transport process.  During IMS 95, diffusion in the ambient atmosphere, caused mainly 

by the turbulent fluctuations of the wind, was the dominant process during many stagnation 

periods when the mean wind velocity fell below 2 ms-1. 

 

Some regional models (e.g., RADM used in DAQM) do not simulate diffusion.  During 

stagnation, the median length scale of transport, defined as the total transport distance during a 

stagnation event (stagnation events typically last 3 to 5 hours), is 4 km.  The model’s 

performance is expected to be impeded by numerical diffusion.  This limited transport scale is 

commensurate with a grid size of 4 km that was previously used for urban areas in SAQM air 

quality simulations. 

 

The chemistry of SO2 and NOx oxidation to H2SO4 and HNO3 (precursors of PM) differs 

significantly in plumes and in the background (i.e., outside the plume).  Recent work 

(Karamchandani et al., 1998; Karamchandani and Seigneur, 1998) shows that near the stack, acid 

formation in the plume is negligible; further downwind, it may approach and in some cases 

exceed background rates.  SAQM includes a sub-grid scale treatment of plumes from large point 
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sources, but this algorithm has not been incorporated into SAQM-AERO.  In any case, existing 

sub-grid scale treatment of plumes is unsatisfactory in several aspects: (1) empirical or first order 

closure algorithms are not always realistic (Gabruk et al., 1998; Seigneur et al., 1998b), (2) the 

effects of turbulent fluctuations on chemistry are not accounted for, and (3) plumes are idealized 

as a series of segments without the possibility to properly simulate windshear, inter- (multiple 

plumes) and intra-plume interactions (e.g., due to stagnation or wind flow reversal).   Current 

plume-in-grid development (Sykes et al., 1997) includes adapting more advanced puff models in 

three-dimensional grid models to treat windshear, inter- and intra-plume interactions, as well as 

the effects of turbulence on chemical kinetics. 

 

3.4.2 Vertical Mixing and Above-Ground Transport 

Despite the lack of upper air concentration data taken during IMS 95 to evaluate the extent of 

above-ground pollutant transport, upper air transport and subsequent mixing into the surface 

layer was a postulated mechanism for the distribution of precursors.  If vertical mixing is 

modeled adequately, then PM air quality models can be used to understand the effects of above 

ground transport, provided that the predictions of the aloft concentrations are accurate. 

 

Vertical mixing involves either turbulent diffusion or convective mixing.  Relief-driven vertical 

wind components, including upslope and downslope flows at the edge of the valley, may also be 

responsible for combining air that originates from different altitudes.  Accurate meteorological 

predictions, including wind speeds, temperature profiles, mixing heights, surface heat fluxes etc., 

are necessary for the prediction of vertical transport at locations with complex terrain. 

 

With the domain extending vertically to 15 km, SAQM-AERO provides sufficient treatment of 

atmospheric dynamics in the free troposphere to represent above ground transport of pollutants at 

the regional scale.  Vertical convective transport (w-component of the wind vector) and diffusion 

are modeled.  One known problem with SAQM-AERO is the significant adjustment for mass 

conservation when the magnitude of vertical transport is high.  The mass adjustment term nearly 

cancels vertical transport by convection at some mountainous locations (Zion Wang, personal 

communication, 1998).  Another potential issue is that vertical mixing schemes used under stable 
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and unstable conditions tend to result in different predictions.  The semi-implicit K theory 

typically results in slower mixing than the asymmetric convective mixing (ACM) scheme.  

Therefore, at locations with high NOx emissions, the semi-implicit K theory leads to lower O3 

predictions due to titration of NOx.  The difference in the O3 predictions may be up to 15 ppb 

(Zion Wang, personal communication, 1998).  These transport issues must be resolved before the 

model can be used reliably in regulatory applications. 

 

3.4.3 Wet Deposition 

Rain was not observed during the IMS 95 episodes.  Rain events typically cleanse the 

atmosphere of PM; therefore, rain is not associated with PM episodes.  The wet deposition of 

concern is the settling of fog droplets and the resulting removal of aqueous-phase PM such as 

sulfate, nitrate, and ammonium.  The settling velocity is a function of droplet size, which in turn 

depends on the composition of PM and the associated water content.  Resuspension and 

revolatilization of PM (or PM components or precursors) at the conclusion of the fog event may 

also be a possible PM source. 

 

SAQM-AERO includes an algorithm to simulate wet deposition of droplets by gravitational 

settling.  The gravitational settling velocity varies as the square of the particle diameter.  The 

accuracy of the simulated wet deposition flux will depend on the resolution of the fog droplet 

size distribution.  Resuspension and revolatilization of PM are not treated. 

 

3.4.4 Dry Deposition  

In addition to wet deposition, dry deposition is another process that needs to be investigated in 

detail.  No dry deposition measurements were conducted during IMS 95.  Due to the lack of 

advective transport out of the San Joaquin Valley during a PM episode, dry deposition may be an 

important removal process of the accumulated pollutants.  The PM air quality model needs to 

treat the dry deposition of precursor gases (e.g., NOx, NH3, HNO3, O3, etc.) and particles (PM-

2.5 and PM-10) over a variety of surfaces. 

 



CP045 3-16

Dry deposition of particles and precursor gases is simulated in SAQM-AERO using the 

resistance (in-series and in-parallel) approach.  The dry deposition of particles to surfaces may 

occur via diffusion, impaction and/or gravitational settling.  The deposition layer resistance 

characterizes the transfer of particles through the thin, quasi-laminar layer just above the surface 

by Brownian diffusion and inertial impaction.  Brownian diffusion is an efficient removal 

scheme for small particles, while inertial impaction is dominant for larger particles.  The 

aerodynamic resistance is a function of the atmospheric stability.  Gravitational settling depends 

on the size and mass of the particles; it only affects coarse particles significantly.  Each gaseous 

precursor is assigned an individual deposition velocity, which is defined as the inverse of the 

sum of three resistance terms: (1) diffusion through the atmospheric surface layer, (2) diffusion 

across the boundary sublayer, and (3) absorption onto the surface, which defines the gas-surface 

interaction.  A process analysis was conducted to compare several modules of dry deposition 

(Zion Wang, personal communication, 1998) and it was found that SAQM-AERO predicted 

higher dry deposition fluxes than other implementations, such as RADM. 

 

3.5 Recommendations for Model Development  

3.5.1 Receptor Modeling / Source Profiles 

The dominance of fugitive sources such as geological material in the fall PM-10 and the 

contribution of area sources of vegetative burning and mobile sources to PM-2.5 in the winter 

lead to large uncertainties in the primary PM emissions rates.  Consequently, it is recommended 

that receptor models be used in conjunction with source models to improve our understanding of 

the PM problem in the San Joaquin Valley (Seigneur et al., 1998a).  Several receptor modeling 

techniques, e.g., CMB, can be used to perform source apportionment.  Others, e.g., Principal 

Components Analysis (PCA), can be applied without specific source profiles.  However, further 

developments of receptor modeling are needed for detecting the location of sources and for the 

apportionment of secondary PM components.  Since receptor models are driven by the observed 

PM composition and known source profiles (in most applications), more detailed source profiles 

(e.g., tracer compounds) will improve their resolution.  For example, generic profiles used by 

Magliano (1997) allowed only the apportionment of one vegetative burning category.  Using 

fingerprint compounds such as levoglucosan (wood smoke tracer), propionylsyringol and 
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butyrylsyringel (hard wood), and resin acids (pine wood), Schauer and Cass (1998) were able to 

apportion ambient aerosol to specific categories of hardwood and softwood burning.  Further 

work should focus on providing detailed chemical profiles for the source types prevalent in the 

San Joaquin Valley.  Some of the data needed for better receptor modeling are also beneficial to 

the execution and evaluation of a source model. 

 

 3.5.2 Spatial Resolution 

Low mixing layer height correlated with PM build-up during the fall and winter episodes.  This 

phenomenon can be better represented with increased vertical resolution close to the surface by 

using the surface layer submodel (SLS) in SAQM-AERO.  However, there are some concerns 

about its performance (Prasad Pai, personal communication, 1998).  While predictions of ozone 

and other pollutants at night are more accurate near the surface, the performance of the model 

during the day is unsatisfactory with the introduction of the surface sublayer.  A performance 

evaluation should be conducted for the application of the SLS in the San Joaquin Valley.  A 

possible approach is to use SLS to represent only the nighttime inversion layer (50-100 m), i.e., 

to implement the SLS with an activation mechanism which engages it when the mixing layer 

height falls below the resolution of the bottom layer.   

 

 3.5.3 Chemistry 

Due to the predominance of secondary PM in the San Joaquin Valley (~60% of PM-2.5 in the 

winter, 20-30% of PM-10 in the fall on average), there is a critical need to improve our ability to 

model the chemical processes leading to the formation of ammonium nitrate, ammonium sulfate, 

and secondary organic aerosol.  Since ammonia sources are abundant within the San Joaquin 

Valley (except possibly in the western part of the valley), the production of nitric acid and the 

oxidation of SO2 to sulfate are key inorganic processes of concern. 

 

Oxidant chemistry is critical to the formation of secondary PM.  The current mechanisms have 

not been thoroughly tested under the wintertime conditions that are conducive to PM formation 

in the San Joaquin Valley.  SAQM-AERO currently uses CBM-IV to simulate oxidant 

chemistry.  As a first step in testing this component of the model, another mechanism, such as 
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SAPRC, should be incorporated into SAQM-AERO to provide an audit of the gas-phase 

predictions of oxidants. 

 

The gas-phase and aqueous-phase production processes of nitric acid (see Section 3.2) need to be 

represented accurately in source models that predict secondary PM.  The chemistry of 

NO3/N2O5/HNO3 is sharply dependent on photolysis since NO3 photolyzes rapidly under clear 

sky conditions.  Currently, the parameters used for photolysis rates in the fog are highly 

uncertain, due to uncertainties in the actinic fluxes in a fog.  Measurements of the solar flux (UV 

and broad radiation) are recommended to test the model’s ability to treat photochemical 

processes under cloudy / foggy conditions and, if warranted, to improve the current empirical 

treatment in SAQM-AERO by adding a radiative transfer component.   

 

Available laboratory results of the aqueous N2O5 hydrolysis rate (Robinson et al., 1997) should 

be incorporated into the aqueous-phase mechanisms.  The aqueous-phase oxidation of SO2 was a 

significant source of sulfate during the winter IMS 95 episodes with fog.  As discussed in the 

previous section, SAQM-AERO does not account for aqueous-phase SO2 reactions in its present 

form.  Cloud and fog processes from SAQM need to be coupled to the code.  Despite the 

observed buffering capacity of fogs, especially in the urban areas, the pH of fog droplets is not 

constant during a fog episode.  A detailed aqueous-phase reaction mechanism is desirable in a 

state-of-the-art PM air quality model, which can be used to understand the relative importance of 

the SO2 oxidation reactions during a PM episode with fog.  In addition, some treatment of the 

observed fog buffering in the San Joaquin Valley should also be incorporated in the modeling 

system.  An empirical approach is recommend for the near-term for operational purposes; for the 

longer term, however, additional research is needed to provide the details required for modeling 

the fog buffering capacity. 

 

Secondary organic aerosols (SOA) are another area requiring further model development work.  

The current treatment of SOA in SAQM-AERO is equivalent to the fixed yield approach (see 

Section 3.2) and is fairly rudimentary.  Improvements in the modeling approach may include 

modeling multiple condensable products with different partition characteristics or vapor 

pressure.  Even the current state-of-the-science approaches are necessarily empirical, because 
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information is lacking regarding the identity of the condensable compounds for many precursor 

compounds.  There is a dire need for mechanistic information to support a more detailed 

approach for modeling SOA.  In particular, multifunctional products that have affinity towards 

the aqueous phase should be a research focus because they may alter the hygroscopic behavior of 

inorganic particles and droplets.  Until more information is available regarding the identity and 

partition characteristics of condensable products, the absorption approach proposed in Odum et 

al. (1997) may be implemented to provide an improved estimate of SOA formation, and account 

for the formation of SOA at vapor pressures below saturation. 

 

3.5.4 Transport 

The limited extent of horizontal advection during many of the PM episodes makes it important to 

limit the numerical error in the solution of the advection equation.  Many current air quality 

models use finite difference techniques, for which numerical diffusion can be significant, 

particularly under low wind conditions.  Bott’s numerical scheme, used in SAQM-AERO, is 

expected to be less susceptible to numerical diffusion.  However, more accurate numerical 

integration techniques may need to be developed and incorporated into PM air quality models to 

reduce the errors in the solutions of the transport equations during stagnation.  An alternative 

modeling technique to reduce errors due to numerical diffusion would be to implement a variable 

grid size system, activated to reduce the grid size during stagnant conditions to mediate the 

effects of numerical diffusion.  Methods to treat sub-grid scale diffusion processes should also be 

considered for simulating stagnant conditions using a regional-scale model, if the grid cell size is 

greater than the transport length scale when diffusive processes are the dominant mode of 

transport.  Major SO2 and NOx plumes from refineries near Bakersfield and NOx plumes from 

fossil-fuel fired power plants should be modeled with an up-to-date plume-in-grid treatment until 

they reach a size commensurate with that of the grid cells.     

 

Several issues are related to the treatment of vertical transport within SAQM-AERO.  The mass 

adjustment issue (discussed in Section 3.4) may be a result of the incompatibility of the 

resolution of the meteorological model and that of the air quality model.  Steps should be taken 

to ensure the consistency of the flow fields in the processing of the meteorological fields for air 
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quality model inputs.  The differences between the semi-implicit K theory and the asymmetric 

convective mixing schemes for the treatment of diffusive mixing in the vertical direction also 

need to be addressed.  A comparative study is recommended to select the more appropriate 

scheme for the meteorological conditions encountered in the San Joaquin Valley. 

 

Fog and clouds are not treated in the current SAQM-AERO framework.  Due to the prevalence 

of fog in the winter, fog processes must be simulated if SAQM-AERO is to be applied to 

simulate the IMS 95 episodes.  This involves activating the modules in SAQM for aqueous 

processes.  Neither the prevalence of clouds nor the effect of cloud processes was studied in 

detail during IMS 95.  It may be important to incorporate the simulation of clouds in the PM air 

quality model. 

 

Wet deposition of fog droplets is a strong function of droplet size and the chemical composition 

of the droplets varies with size.  Therefore, several droplet sizes must be simulated in order to 

represent the fluxes of wet deposition of PM components.   

 

The dry deposition velocities of particles are functions of particle size and density.  However, 

many parameters used in the dry deposition model are highly uncertain. Therefore, simulating 

the evolution of particle size distribution seems superfluous since the increased accuracy would 

be overwhelmed by the other uncertainties of the dry deposition process (e.g., the 

characterization of downward fluxes through the surface layer and the laminar sublayer).  Two 

size fractions should be adequate for the representation of PM-2.5 and PM-10.  The differences 

identified by Wang (Zion Wang, personal communication, 1998) between the dry deposition 

module of SAQM-AERO and RADM should be resolved because dry deposition is potentially 

an important removal process for precursors and PM. 

 

We grouped the key areas of model development and testing needs into two categories as 

follows.   

 

(1) Areas where development is absolutely needed for the San Joaquin Valley application: 

�� Incorporate a detailed aqueous-phase chemical mechanism 
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�� Reduce numerical diffusion during stagnation 

�� Implement plume-in-grid treatment for point and area sources 

�� Improve treatment of secondary organic aerosols 

 

(2) Areas where testing is needed to ensure the accuracy of the model and, if testing is not 

satisfactory, development is needed: 

�� Resolve mass adjustment issue by modifying MM5 post-processing procedures 

�� Implement SAPRC as an audit for the CBM-IV mechanism in SAQM-AERO 

�� Test photolysis rates by comparing calculated radiative fluxes with measurements of UV and 

broad radiation 

�� Resolve vertical transport inconsistencies (K-theory vs. ACM) 

�� Test surface layer submodel (SLS) and modify as needed 

�� Resolve difference in dry deposition prediction of SAQM-AERO and other air quality 

models 
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4. Data Requirements for Model Input and Evaluation 
 

Field data are required in the modeling exercise as inputs to the mathematical model and as a 

basis for model evaluation.  Meteorological data, emissions data, and initial and boundary 

conditions (i.e., ambient concentrations) are required as inputs for the PM air quality model.  

Ambient concentrations and fluxes (e.g., deposition) of PM and precursors are needed to 

evaluate model performance.  These data needs for model input and evaluation are listed in Table 

4-1 and are discussed below.  (A detailed discussion of available measurement methods is 

available in Seigneur et al., 1998c.)  

 

4.1 Model Inputs 

Ground level and upper air measurements of winds, temperature, pressure (to relate data to 

altitude), solar radiation, mixing height, and humidity can be used through FDDA to improve the 

performance of prognostic meteorological models. The denser the network of meteorological 

measurements, the more accurate the predictions of the prognostic meteorological model.  

Therefore, the use of remote sensing instruments (e.g., sodars, radar profilers, RASS, Lidar 

Raman spectroscopy) that provide continuous measurement of meteorology aloft are preferable 

to rawinsondes that provide a limited number of soundings per day.  For surface measurements, 

sonic anemometers with low wind speed threshold are recommended to better characterize calm 

conditions.  Observations of fog and cloud are necessary to determine its spatial coverage and 

duration.  Automatic surface observations systems (ASOS), being installed at airports, should 

provide a reliable network for surface observations of fog (Richards et al., 1998).  Satellite data 

may be used to supplement automatic ground level fog and cloud observations. 

 

There are significant uncertainties in the emissions inventories of PM and precursors in the San 

Joaquin Valley.  Detailed PM profiles are needed for receptor modeling and will improve the 

accuracy of the emissions input of the source models.  The key primary sources of PM include 

geological material (PM-10), mobile sources, and vegetative burning (PM-2.5).  Of particular 

interest are area sources such as fugitive dust and controlled and uncontrolled burning.  Gaseous
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Table 4-1.  List of Recommended Measurements for Model Input and Evaluation. 

Data Spatial Resolution Temporal Resolution 

Meteorology 

Wind Speed and Direction 

Temperature 

Mixing Height 

Relative Humidity 

Solar Radiation 

Fog / Clouds 

 

Surface and Aloft 

Surface and Aloft 

Surface or Aircraft 

Surface and Aloft 

Surface and Aloft 

Surface and Satellite 

 

< 1 hour * 

< 1 hour 

< 1 hour 

< 1 hour # 

< 1 hour 

< 1 hour 

Emissions (PM, Precursor Gases) 

Profiles (Anthropogenic, Biogenic) 

Emission Factors 

 

Representative Sources 

Major Sources 

 

N/A 

1 to 4 hours 

PM-2.5 / PM-10 

Total Mass 

Sulfate 

Ammonium 

Nitrate 

Elemental carbon 

Organic carbon (speciated) 

Chloride 

 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

 

1 to 4 hours 

1 to 4 hours 

1 to 4 hours 

1 to 4 hours 

1 to 24 hours 

1 to 24 hours 

1 to 4 hours 

Gases 

O3 

NO 

NO2 

VOC (Speciated) 

HNO3 

NH3 

H2O2 

Organic Peroxides 

PAN 

HNO2 

 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

 

1 hour 

1 hour 

1 hour 

1 to 4 hours 

1 hour 

1 hour 

1 hour 

1 hour 

1 hour 

1 hour 
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Table 4-1.  List of Recommended Measurements for Model Input and Evaluation (continued). 

Data Spatial Resolution Temporal Resolution 

OH 

HO2 

NO3 

CO 

SO2 

HCl 

Surface 

Surface 

Surface 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

1 hour 

1 hour 

1 hour 

1 hour 

1 hour 

1 hour 

Droplet Chemistry 

Liquid Water Content 

Sulfate 

Nitrate 

Ammonium 

Chloride 

H2O2 

Sulfite 

H+(pH) 

Dissolved Fe3+ and Mn2+ 

 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

During Fog Event Only: 

1 hour  

1 hour  

1 hour  

1 hour  

1 hour  

1 hour  

1 hour  

1 hour  

1 hour  

Wet Deposition 

Sulfate 

Nitrate 

Ammonium 

Representative Locations During Fog Event Only 

1 hour 

1 hour 

1 hour 

Dry Deposition 

PM-2.5 

PM-10 

HNO3 

NH3 

SO2 

O3 

Different Surface Types 
(aircraft measurements or 
tower measurements) 

Representative 
Meteorology 

* 5-minute temporal resolution is desired during stagnation  
# 5-minute temporal resolution is desired during fog 
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precursors of PM include NOx, SO2, NH3, and VOC.  Haste et al. (1998) compared the ambient 

ratios of CO/NOx, SO2/NOx, NH3/NOx, PM/NOx, and NMHC/NOx to the values in the 

inventories.  They concluded that the current inventories underestimated VOC emissions (by 

factors of 2-4) and overestimated SOx (by factors of 2-4) and PM sources (by factors of 2-3).  

Ammonia concentrations compared favorably to inventory values only over a 25-km radius area.  

Better spatial and temporal emissions profiles are required for PM precursors from both 

anthropogenic and biogenic sources, including the size fraction of PM (PM-2.5 and PM-10), 

chemical composition of PM (EC, OC, sulfate, trace metals), and VOC speciation (especially 

long chain compounds that may be SOA precursors).  Uncertainties in emissions inventories 

need to be reduced before modeling results may be relied upon for decisions regarding control 

options. 

 

More accurate boundary conditions at the lateral boundaries and at the top of the domain are 

needed to provide accurate estimates of the PM within the domain.  During IMS 95, conditions 

representative of non-anthropogenic / clean air background levels were not observed within the 

San Joaquin Valley (Collins, 1998).  In previous applications of SAQM to O3 in the San Joaquin 

Valley, the effects of boundary conditions were quite pronounced for species such as NOx, 

because a large fraction of the NOx within the San Joaquin Valley originated from the boundary 

at the NW corner of the region and was advected into the valley.  Due to relatively low mean 

wind speeds in the winter, the winter PM simulation results are expected to be less sensitive to 

errors in the boundary condition in the winter than in the summer.  However, detailed 

measurements for precursor concentrations and particle size and composition, especially at the 

surface, should be taken at the lateral boundaries of the modeling domain to define boundary 

conditions and to evaluate the effects of long-range transport. 

 

Upper air measurements are also needed to define the pollutant concentrations and particle 

characteristics at the top of the modeling domain.  In the past, insufficient upper air 

measurements have resulted in the reliance on expert judgment to define the aloft concentrations.  

New developments in remote sensing technology allow the quantification of air pollutants in situ.  

For example, LIDAR / DIAL measurements can be used to measure O3 and aerosols (using UV-

DIAL); H2O, aerosol / clouds, SO2, CH4, CO, NH3, NO2, NO (using IR-DIAL); and SO2, NO2, 
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HNO3 (using Chemical Ionization Mass Spectroscopy or CIMS).  Airborne or remote sensing 

measurements will reduce the uncertainties in air quality modeling due to subjective judgment of 

the top boundary condition. 

 

4.2 Performance Evaluation 

The upcoming CRPAQS field campaign provides a unique opportunity to compile a database for 

the execution and comprehensive evaluation of PM air quality model.  Seigneur et al. (1998c) 

defined four levels of model evaluation: 

 

�� Operational evaluation 

�� Diagnostic evaluation 

�� Mechanistic evaluation 

�� Probabilistic evaluation 

 

Operational evaluation pertains to the ability of the model to predict accurately the variable of 

concern, i.e., daily average PM-10 and PM-2.5 for an episodic model.  These PM measurements 

are obtained from routine ambient monitoring.  Note that operational evaluation alone is not 

sufficient to assess the accuracy of the model.  Diagnostic evaluation compares the model’s 

predictions of various components of PM to the experimental values.  Seigneur et al. (1998c) 

recommended that several tests be conducted, including: 

 

�� Analysis of PM chemical composition 

�� Analysis of the precursors of secondary PM and associated oxidants 

�� Analysis of PM size distribution 

�� Analysis of shorter time average concentrations 

�� Analysis of mass fluxes (emission, deposition, transport) 

 

Mechanistic evaluation tests the model’s ability to predict the response of the output variables to 

changes in the model’s inputs.  Simulating several time periods (e.g., multi-day episodes of 

different meteorologies) tests the model’s response to changes in meteorology.  Changes in 
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emissions and initial and boundary conditions can be achieved by applying the model in different 

geographical locations (preferably outside of California), or in the same location over different 

time periods (i.e., with different emissions levels).  A probabilistic evaluation allows the 

quantification of uncertainties associated with the model design and inputs, as well as those 

associated with measurements.  However, this exercise is resource intensive and should probably 

be reserved until the model has satisfactorily met the performance criteria for operational, 

diagnostic, and mechanistic evaluations.  Our focus is, therefore, on a diagnostic and mechanistic 

(with respect to meteorology) evaluation of the PM air quality model.  The following paragraphs 

discuss the field data that are needed for testing various components of the PM air quality model. 

 

PM composition data from IMS 95 were instrumental in the development of a conceptual model 

for PM formation.  The inorganic and organic composition of PM-10 and PM-2.5 was analyzed.  

Individual species measured included ammonium, nitrate, sulfate, chloride, EC, various OC, and 

a variety of elemental species.  These measurements should be taken at sufficient spatial 

resolution to observe the range of concentrations prevalent within the San Joaquin Valley.  

Blanchard et al. (1998) analyzed the spatial representativeness of monitoring sites and the zone 

of influence of sources.  Their results may be used to guide the spatial resolution of the 

monitoring network. 

 

A prerequisite for good PM predictions is the ability of the model to predict gaseous PM 

precursors accurately.  This pertains to the performance of the gas-phase reaction mechanism to 

simulate the concentration evolution of condensable species (HNO3, NH3, condensable organic 

products), their precursors (SO2, NO, NO2, and VOC), and oxidants, O3, OH, NO3, and H2O2 

(and organic peroxides).  Measurements of these compounds will provide the opportunity to 

evaluate the gas-phase under a set of meteorological conditions for which it has typically not 

been evaluated (e.g., winter foggy cool conditions instead of summer sunny warm conditions). 

 

Since we do not recommend using a size-resolved PM model (except for two fractions 0=- 2.5 

µm and 2.5 to 10 µm), the measured size distribution of PM is not directly needed for model 

performance evaluation.  Nonetheless, size-resolved PM mass measurements may provide useful 

information regarding the chemical pathways of sulfate and nitrate formation.  The oxidation of 
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SO2 and NOx in the aqueous phase is typically associated with larger particles (e.g., 0.5 µm mass 

median diameter) than the gas-phase oxidation of SO2 and NOx (0.2 to 0.3 µm mass median 

diameter) (McDade et al., 1997; Hering and Friedlander, 1982).  We recommend, therefore, 

particle size-resolved measurements for sulfate and nitrate.  During IMS 95, size-resolved 

samples were taken using a multi-stage impactor.  Chemical speciation was performed on 10 size 

fractions below 15 µm. 

 

Another test for the PM model is the prediction of the diurnal variation of PM concentration.  

Instead of 24-hour average samples, this requires the collection of 1-2 hour average PM samples 

when PM concentrations and compositions change rapidly, and 4-6 hour samples when the 

changes are slower.  Accurate predictions of the diurnal profile of PM may be used to confirm 

the temporal emission profiles, chemical production pattern, or other time-specific processes, 

such as the production or removal of PM in fog. 

  

Individual components of the mass fluxes should be verified to the extent possible as part of the 

diagnostic evaluation.  It is important that the model predict correctly not only PM, but also its 

mass balance for applications in regulatory modeling.  The components of a comprehensive mass 

balance include emission, transport, chemical transformation, dry deposition, and wet deposition.  

Although ideally one would want to characterize the various fluxes in a virtual atmospheric 

“box”, such an exercise is likely infeasible.  Nonetheless, it is beneficial to test various fluxes 

individually (even if a complete mass balance cannot be constructed) to ascertain that the model 

does not underestimate any mass flux (e.g., dry deposition) while overestimating another (e.g., 

wet deposition). 

 

Independent verifications of emissions may be conducted by comparing predicted precursor or 

ratios of precursors with the ambient values (e.g., Haste et al., 1998).  Transport fluxes may be 

estimated at any well-defined point of advective transport, such as a mountain pass, using either 

artificial or endemic tracers. 

 

Wet and dry deposition can be directly measured and compared against model predictions.  Fog 

settling is the primary mode of wet deposition of interest during PM episodes, and may be 
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measured by passive collection of fog samples on a surface during an episode.  Dry deposition of 

particles and precursor gases and oxidants (HNO3, NH3, SO2, and O3) should be measured over a 

variety of surface types using the eddy correlation technique on an aircraft platform.  Tower 

measurements with different crops provide a relatively economical alternative.  Since the surface 

boundary condition is defined by the ground-level emission and deposition fluxes, flux 

measurements will aid the definition of the surface boundary condition.  
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5. Conclusions 

 

5.1  Identification of Data Gaps 

The phenomena responsible for the formation of PM in the fall and winter seasons in the San 

Joaquin Valley are complex.  Many of the processes involved in the formation of PM are 

unknown or uncertain: ranging from undetermined fog buffering capacity and unidentified 

organic PM composition to an uncertain NH3 emission inventory and poorly characterized 

surface deposition fluxes of PM and key precursor gases.  It may be some time before a 

comprehensive PM air quality model can be developed that represents detailed understanding of 

all aspects of meteorology, chemistry, and PM thermodynamics.  

 

Fundamental understanding is incomplete in some areas that may be important for describing 

PM within the San Joaquin Valley.  In addition to uncertainties in the biogenic organic 

compounds emissions inventory, little information is available regarding the formation of 

secondary organic aerosol and their role in the ambient atmosphere.  The identities of the 

condensable products resulting from the oxidation of biogenic and anthropogenic compounds are 

frequently unknown.  Another area that needs to be addressed is the interactions between 

inorganic aerosols and hydrophobic / hydrophilic organic compounds.  Saxena et al. (1995) 

pointed out that SOA might increase or decrease the water uptake of PM predicted by the 

inorganic composition.  Organic compounds may also be responsible for the unexplained fog 

buffering capacity observed by Collett et al. (1998) at Fresno and Bakersfield. 

 

The status of current models has been discussed from three perspectives: (1) field data / analyses 

are required to further the understanding of several processes, (2) several processes need to be 

represented in models in greater detail, and (3) field data are required for the execution and 

evaluation of PM models. 

 

The VOC- and NOx-sensitivity of the oxidant system can be elucidated by analyzing field 

concentration data (e.g., studying the ambient ratio of H2O2 / HNO3).  This basic characterization 

of the atmospheric system is important for the qualitative understanding of the gas-phase 
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formation of all secondary PM components, including nitrate, sulfate, and SOA.  However, this 

approach has not been tested for nighttime, fog chemistry and there is a need to develop such an 

indicator for the VOC- or NOx-sensitivity of the nocturnal / foggy atmospheric system. 

 

Several aspects of nitrate and sulfate chemistry are still unclear.  The formation of N2O5 during a 

fog episode is enhanced because of reduced photolysis dissociation of NO3 and NO2.  

Information is scarce regarding the extent of photolysis in foggy weather.  In order to evaluate 

the contribution of the N2O5 hydrolysis pathways for producing HNO3 relative to the gas-phase 

reaction of NO2 + OH, measurements may be needed for NOx, NO3, HNO3, and particulate 

nitrate in fog.  The formation of sulfate in aqueous particles is expected to be slower than in fog 

droplets (Saxena and Seigneur, 1987; Meng and Seinfeld, 1994).  Further analyses are needed to 

generate the photolysis rates in fog and available kinetic data for particle / droplet chemistry 

shoud be incorporated into SAQM-AERO. 

 

Ammonia, a primary compound, was found to be abundant in most of the San Joaquin Valley.  

However, this may not be the case in the western part of the valley (Phil Roth, private 

communication, 1998).  Since the ammonia inventory is relatively uncertain, it is desirable to 

assess the spatial and temporal emission patterns of NH3 and to affirm its abundance relative to 

nitric acid and sulfuric acid. 

 

The transport condition that predominated during the PM episodes of IMS 95 was stagnation.  

Under stagnant conditions, the transport scale of advection is similar to that of diffusion.  The 

processes responsible for the uniform dispersion (regional background) of some precursors and 

secondary pollutants during stagnant conditions need to be investigated.  Aloft transport of 

pollutants is emerging as a candidate mechanism for transport.  A tracer study may be conducted 

to evaluate the magnitude of aloft transport as a dispersion mechanism.  Provided sufficient data 

to evaluate the performance of source models, a modeling study may also provide insights into 

the transport fluxes. 
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5.2  Assessment of Mathematical Models 

Based on current understanding, it is recommended that several processes be incorporated into 

models.  The aqueous-phase chemistry representation in SAQM-AERO was found to be 

deficient.  Due to the prevalence of nitrate and sulfate compounds in PM, aqueous reactions 

responsible for the formation of HNO3 and H2SO4 should be represented in detail, especially the 

pH dependence of various reaction rates.  Some empirical treatment of the droplet pH buffering 

may also be necessary for the prediction of aqueous-phase processes. 

 

The representation of organic condensables by the fractional aerosol yield approach is now 

believed to be unsatisfactory in light of recent smog chamber experiments (e.g., Odum et al., 

1997; Hoffmann et al., 1997).  At the minimum, several species should be used to represent 

condensable compounds of different saturation vapor pressures.  We recommend that an 

absorption model be included to simulate parametrically the formation of SOA when the vapor 

pressure is below saturation (e.g., Odum et al., 1997). 

 

Horizontal diffusion is an important dispersion process during stagnant conditions.  This process 

is not well simulated in regional scale PM models (and not simulated at all in some models).  

When the horizontal resolution of the model exceeds the diffusive transport scales and the 

advective transport is negligible, it may be desirable to improve the simulation of this process, 

e.g., by using nested grids for periods and regions of calm conditions.  The surface layer 

submodel (SLS) was designed to increase the vertical resolution of the model near the surface so 

that the evening inversion layer can be accurately represented.  However, the current 

implementation seems to provide mixed results.  A detailed evaluation is needed for the 

formulation and implementation of the SLS within SAQM-AERO. 

 

Subgrid scale treatment of plumes should be implemented in the SAQM-AERO to model 

emissions from large point and line sources.  Due to frequent stagnation events observed in the 

San Joaquin Valley, advanced plume-in-grid modules are needed to treat windshear, inter- and 

intra-plume interactions, and the effects of turbulence on chemical kinetics. 
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Even though fogs are the prevalent form of condensed water during the IMS 95 winter episodes, 

the significance of cloud processes should be understood.  Higher level clouds may be present 

during the fall, or they can theoretically coexist with fog during the winter episodes.  In addition 

to aqueous production of sulfate and nitrate, cloud processes also include convective vertical 

transport and scavenging removal of PM should rain develop.  Moreover, clouds affect 

photolysis rates of gas-phase reactions, thereby influencing oxidant levels and subsequently 

secondary PM formation. 

 

5.3  Data Needs 

Field data are required for the execution and evaluation of a PM air quality model. 

Recommendations are made to measure the following: 

 

�� Diurnal profiles of PM and PM components 

�� Oxidant concentrations, especially for O3 at the ppb levels, OH, H2O2, NO3 (within fog or at 

night) 

�� Precursor concentrations (e.g., NOx, SO2, NH3, speciated VOC) 

�� San Joaquin Valley emissions profiles of geological material, mobile sources, vegetative 

burning 

�� Emissions inventories, particularly PM profiles for geological material, mobile sources, and 

vegetative burning, and PM precursors such as VOC, SO2, and NH3 

�� Dry deposition of PM and gaseous precursors 

�� Wet deposition of PM 

�� Meteorology at the surface and aloft 

 

Oxidant and precursor measurements are needed to evaluate the gas-phase reaction mechanism, 

especially when the reactivity of the system is relatively low.  The measured oxidant levels are 

also important in evaluating the processes that are responsible for the formation of sulfate and 

nitrate in the aqueous phase.  Precursor concentrations can be used to evaluate the model and/or 

verify the overall emissions inventory.  Accurate emissions profiles are necessary for both 

receptor modeling and source modeling.  Measurements of deposition rates (both wet and dry) 

are important for assessing the mass fluxes of PM since under the calm conditions observed in 
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the valley, deposition may play an important role in the overall PM atmospheric budget.  

Meteorological data are used in the prognostic meteorological models to improve the calculated 

fields using FDDA.  Such data, collected with sufficient temporal and spatial resolution, are 

essential to a proper characterization of meteorology in the San Joaquin Valley. 

 

In the forthcoming Phase III report, we will compare the list of data needs proposed here with the 

list of measurements currently planned for the CRPAQS. 
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1.0 INTRODUCTION 

 

1.1 Background 

 

The 1990 San Joaquin Valley Air Quality Study (SJVAQS) and Atmospheric 

Utility Signatures, Predictions, and Experiments (AUSPEX) were designed to study the 

summer ozone (O3) air pollution problem in the California Central Valley.  During the O3 

episodes of SJVAQS/AUSPEX, the 8-hour average O3 National Ambient Air Quality 

Standard (NAAQS), promulgated in 1997, was exceeded on 12 days at Academy 

(downwind of Fresno) and on 9 days at Caliente (downwind of Bakersfield) (Chow et al., 

1998).  In Phase 1 (Pun et al., 1998), a conceptual model was synthesized based on 

available information from the field study by addressing the chemical transformations 

and the physical processes that were responsible for O3 formation and accumulation 

within the California Central Valley. 

 

1.2 Objectives 

 

The SJVAQS/AUSPEX Regional Model Adaptation Project (SARMAP) was a 

collaborative effort by SJVAQS, AUSPEX, and EPRI for modeling and data analysis 

following the field study.  The SARMAP modeling system consists of the SARMAP 

Meteorological Model (a version of MM5, hereafter referred to as MM5) (Seaman and 

Stauffer, 1996), the SARMAP Air Quality Model (SAQM) (Chang et al., 1997) and the 

data processing software for generating SAQM inputs.  This modeling system simulates 

atmospheric dynamics and the chemistry, transport, and deposition of O3 and precursors.  

In this work (Phase 2), we compare MM5 / SAQM to the conceptual model developed in 

Phase 1.  Specific objectives of this work include: 

�� Assess the ability of MM5 / SAQM to represent O3 formation processes 

�� Document the processes that are not well represented in the mathematical 

modeling system and recommend tasks for mathematical model improvement 

�� Identify gaps in current knowledge and recommend specific measurements and 

data analysis tasks 
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1.3 Outline 

 

An assessment of the MM5 is provided in Section 2, followed in Section 3 by a 

discussion of SAQM and the associated input processing software.  In Section 4, we give 

our recommendations regarding (1) field measurements and data analyses for improving 

the conceptual model, and (2) tasks needed for mathematical model improvements and 

performance evaluation.  Conclusions are presented in Section 5. 
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2.0 ASSESSMENT OF MM5 

 

In this section, we evaluate the extent to which the simulations of the SARMAP 

episode using the MM5 mesoscale model agree with the available data and we examine 

whether there are weaknesses or deficiencies in MM5 that preclude it from agreeing with 

the conceptual model developed under Phase 1 of this work.  This evaluation is based 

primarily on the work of Seaman et al. (1995) and Seaman and Stauffer (1996).  We also 

use our experience with MM5 simulations performed at AER for other purposes, mainly 

over the Los Angeles basin and the Tennessee valley. 

MM5 is a non-hydrostatic mesoscale model developed at the Pennsylvania State 

University and the National Center for Atmospheric Research (NCAR).  Basic references 

for MM5 are Dudhia (1993) and Grell et al. (1993).  The model can be run in nested 

mode, with one or more fine mesh inner grids communicating with a coarser mesh outer 

grid.  This approach makes it possible to perform very fine resolution simulations on a 

small area without it being overly influenced by the lateral boundary conditions, which 

need to be imposed only on the outermost grid.  Typically, an inner grid has a mesh size 

three times smaller than the outer grid in which it is imbedded. 

MM5 includes a complete set of physical parameterizations.  In fact, since MM5 

is widely used in the weather research community, several types of parameterizations 

have been developed for each physical process.  Even the standard code supported by 

NCAR comes with several different choices.  

A data assimilation system is also available for MM5.  It is a newtonian relaxation 

or “nudging” system, in which an extra term is added to the tendency equations.  This 

extra term is proportional to the difference between the model solution and the 

observations or a large-scale analysis.  

Seaman et al. (1995) performed simulations with a triply nested grid, as shown in 

Figure 2-1, with the inner grid covering the entire San Joaquin Valley basin with a 

horizontal mesh size of 4 km and a vertical resolution of 30 layers from ground level to 

the tropopause.  They used several configurations but, for our purpose, the most 

important results come from three experiments: (1) a control run without data 

assimilation (called CNTRL), (2) a run with nudging towards a larger scale analysis for 
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Figure 2-1.  SARMAP Meteorological Model Domains (Source: DaMassa et al., 1996) 
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the outer grid and nudging towards the special SARMAP observations in the inner grids 

(CFDA), and (3) a nudging run in which only a reduced set of special observations is 

used (RFDA), with the rest being used for model evaluation. 

Overall, the MM5 simulations of the SARMAP episodes are quite good, 

especially the runs that assimilate the special observation data through nudging.  All the 

important meteorological aspects of transport in the San Joaquin Valley are qualitatively 

well simulated by the model, when run with a 4 km resolution for the inner grid that 

covers the whole valley.  This includes the sea breezes, the funneling of the flow through 

the Carquinez Straight and the other openings of the Coastal Range, the upslope flow 

during the day along the Coastal Range and the Sierra Nevada, the nocturnal jet along the 

valley axis, and the Fresno Eddy.  Although these simulations are generally successful, 

there are several aspects that are not quite correct and which could be improved, 

including: 

 

�� Inability, even with a 4 km mesh size, to simulate the largest wind velocities 

due to funneling in the passes 

�� Inner domain somewhat too small in the northern part of the domain 

�� Inability to assimilate low level data because of the planetary boundary layer 

(PBL) scheme used 

�� Possible problem with ground temperature initialization 

�� Radiation scheme not state-of-the-art 

�� Vertical diffusion somewhat too strong 

�� Horizontal diffusion not based on physical understanding 

�� Difficulty in simulating calm conditions 

 

These issues are discussed further below. 
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2.1 Domain and Resolution 

 

One of the main deficiencies of the simulations was the inability of the model to 

split the flow, west of the Carquinez Straight, in the highest resolution domain.  

Normally, the low level flow should split into two branches, one going southeast up the 

San Joaquin Valley and the other one turning north up the Sacramento Valley.  The 

northern part of the flow is generally absent in the high resolution domain, though there 

are indications of it in the lower resolution domains.  There is evidence that this problem 

is related to the position of the northern boundary of the domain.  In most experiments, 

the innermost domain covered the entire San Joaquin Valley with a 4 km resolution.  Its 

northern boundary was near Sacramento and excluded the northern Sacramento Valley.  

In one experiment, the inner domain was enlarged to the north, and the split of the flow 

was much better simulated. 

The strength of the wind through the Carquinez Straight and Altamont Pass, east 

of the San Francisco Bay, is also generally too weak in the MM5 simulations.  This is due 

to the resolution of the model: even the 4 km resolution of the inner grid is not sufficient 

to describe the very small scale topography that funnels the wind through the pass and 

accelerates it.  This limitation could be overcome by increasing the resolution of the 

model, but this quickly becomes prohibitively expensive in terms of computational 

resources.  It must be remembered that, as horizontal resolution is increased, the time step 

must be proportionally reduced.  If the number of vertical levels is also increased to 

preserve the aspect ratio of the grid, doubling the resolution means increasing the 

computational cost by a factor of 16.  This increase is not limited to the high-resolution 

domains, as all domains are required to have the same number and vertical distribution of 

levels in the current version of MM5. 

While the inability to simulate the peak wind may result in an inaccurate transport 

time between the San Francisco area and the San Joaquin Valley, it should be noted that 

these observed high velocities are characteristic of very small areas.  The total flux of 

material through the straights and passes is probably more accurately simulated than the 

maximum wind.  The main effect of these high winds, which is not well simulated by the 
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model, is an increased stretching of the air parcels resulting in increased mixing of the 

pollutants. 

 

2.2 Data Assimilation 

 

The data assimilation procedure used in these simulations is nudging towards a 

combination of large-scale analysis and special observations.  The analysis used in this 

case is that of Cressman, a successive correction type scheme, which is fairly primitive 

and cannot easily take into account the specific error characteristics of different observing 

systems.  Seaman and Stauffer (1996) argue against using the more sophisticated optimal 

interpolation method because of the lack of appropriate error covariance matrices.  These 

error covariance matrices are now available (Nehrkorn and Hoffman, 1996; Nehrkorn et 

al., 1996), making it possible to use various types of data, such as radiosondes, profilers, 

or satellite retrievals, with the proper weights, using optimal interpolation.  Nudging 

towards this kind of analysis would be preferable to the method used by Seaman and 

Stauffer. 

It was found that, using the Blackadar PBL scheme (see below), it was not 

possible to assimilate surface observations of temperature.  The reason for this problem is 

that the diagnosed PBL height, which is a critical input to the scheme, is very sensitive to 

the surface temperature.  Nudging towards a higher or lower temperature can easily result 

in an unrealistic deepening or collapse of the PBL.  This problem could be reduced by 

using a scheme (such as the Gayno-Seaman (G-S) scheme discussed below) in which the 

PBL structure depends more on the predicted turbulent kinetic energy than on the surface 

temperature.  None of the simulations reported by Seaman and Stauffer used surface 

observations.  Being able to assimilate the large number of surface observations will 

likely improve the simulations. 

The high density of observations in the study area made it possible to obtain 

remarkably good simulated fields.  There is evidence, however, that errors in the PBL 

height in the San Francisco area are due to the lack of data to the north and east of the 

region.  Adequate data coverage extending beyond the limits of the region of interest 

should be considered in future studies. 
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2.3 Parameterizations 

 

The two most important parameterization schemes used for these simulations are 

the PBL scheme and the radiation scheme.  There was no large scale precipitation and 

little moist convection during the period; therefore, the cloud and precipitation 

parameterizations could not be tested.  

The radiation scheme used by Seaman et al. (1995) was fairly simple.  It was 

essentially a computation of the surface energy balance and a uniform cooling rate 

throughout the atmosphere.  The transfer of radiation between atmospheric layers was not 

computed.  This sort of scheme is sufficient to simulate the first-order effects of radiative 

transfer, but it cannot reproduce accurately the details of atmospheric heating and 

cooling.  In particular, the cooling of the PBL at night tends to be underestimated.  The 

radiative cooling of the marine boundary layer as it moves beyond the San Francisco Bay 

Area towards Sacramento and Davis is also poorly simulated by the model.  Surface layer 

temperatures are approximately 4 to 6 ºC too high in this area.  A more complete 

radiation scheme (Dudhia, 1989) is available for MM5, but it makes the computation 

somewhat more expensive. 

Two different PBL formulations were used in Seaman’s simulations.  The first 

one is Blackadar’s first-order scheme (Zhang and Anthes, 1989).  The other is the Gayno-

Seaman (G-S) higher-order scheme (Gayno, 1994), which has a prediction equation for 

the turbulent kinetic energy, from which diffusion coefficients are deduced.  The latter 

scheme can also handle fog, including its radiative effects, but this is not important for 

this study (although it would be relevant to wintertime simulations).  When running with 

the G-S scheme, a slightly higher vertical resolution was used, with two additional levels 

in the PBL (12 levels below 1500 m instead of 10).  Overall, the G-S scheme performed 

marginally better than the Blackadar scheme, except that the time of maximum wind 

speed in the lowest model layer was one to two hours later than observed. 

It should be noted that these two schemes are not as different as one might think.  

They both rely on a diffusion equation to exchange heat and momentum between model 

layers.  In one case (Blackadar), the diffusion coefficients are directly related to the 
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thermodynamic structure of the atmosphere, through the Richardson number.  In the other 

case (G-S), the diffusion coefficients are related to the turbulent kinetic energy (TKE), 

which is a prognostic variable.  The TKE evolution, however, is closely tied to the 

thermodynamic structure of the model.  Therefore, the solutions should not be expected 

to be greatly different. 

There is evidence that the MM5 simulations have a problem with the initialization 

of the ground temperature and moisture.  Due to the lack of ground temperature and 

moisture data, this problem is not peculiar to MM5, but is quite general to all weather 

forecast models.  In order for the surface temperature to respond correctly to flux forcing 

of various time scales, the soil needs to be represented by several layers (2 in these 

simulations, up to 5 in more recent versions of MM5).  There are, however, no systematic 

observations of temperature or moisture in these different ground layers.  It is therefore 

not possible to initialize them properly.  Since the soil has a large heat capacity and 

moisture retention capacity, errors in the initial specification of deeper layers can affect 

the simulation over several days.  Seaman and Stauffer (1996) suggest that the deep soil 

temperature may be too high in the model, resulting in overestimated heat fluxes that may 

contribute to the overestimation of surface temperatures at night in some areas.  It would 

be helpful to make special measurements of these quantities during intensive observation 

periods, but the large variability of soil types makes it difficult to develop a proper 

measurement strategy. 

The vertical and horizontal diffusion schemes of the model are important for 

winds, heat, and water vapor.  Besides the PBL parameterization, MM5 also treats 

vertical diffusion in the free atmosphere.  The diffusion coefficient depends on the 

Richardson number and is generally small, but has a minimum value to ensure numerical 

stability of the integration.  This minimum diffusion coefficient was set at 1 m2/s in these 

runs and that is an unrealistically high value, especially for stable conditions.  It tends to 

make the vertical profiles too smooth.  For example, the sharp discontinuity in the 

nocturnal inversion is too weak in the model.  Leidner (personal communication, AER, 

1998) has successfully decreased this minimum vertical diffusion coefficient to 0.01 m2/s 

without encountering excessive numerical noise. 
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The horizontal diffusion scheme has little physical basis, besides being of the 

fourth order and therefore fairly strongly scale dependent.  It is used mainly for numerical 

stability.  We are not aware of any detailed studies of the effects of horizontal diffusion in 

MM5. 

All meteorological models, including MM5, have more difficulty forecasting 

calm conditions than situations with a strong dynamical forcing.  When the dynamics is 

very strong, the dominant terms of the equations of motion are the advection terms, 

which can be computed very accurately.  Under calm conditions, the diabatic terms 

(radiation, turbulence, convection, etc.) are dominant.  Since these terms are simulated 

with parameterizations that are far from perfect, meteorological models tend not to 

perform well under calm conditions. 
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3.0 ASSESSMENT OF SAQM 

 

SAQM is a three-dimensional regional scale air quality model.  It is based on the 

modeling framework of the Regional Acid Deposition Model (RADM), with the most 

fundamental change being the reformulation of the model to use non-hydrostatic 

meteorological data.  SAQM takes as inputs emissions data, meteorological data (output 

from MM5), and initial / boundary conditions, and simulates the chemical and physical 

processes that are relevant to O3 formation.  Cloud processes are ignored in SAQM (the 

RADM submodule was bypassed), because of the general lack of clouds (or fogs) during 

O3 episodes.  SAQM, as developed under SARMAP, does not treat aerosol formation, 

since aerosols were not prevalent in the San Joaquin Valley during the summer O3 

season.  (SAQM-AERO, the version of SAQM that includes aerosol formation, was 

discussed in the perspective of wintertime particulate matter (PM) formation by Pun and 

Seigneur, 1998.) 

The ability of SAQM to simulate O3 patterns on a regional scale (hundreds of km) 

requires attention to features that are less important on the urban scales (tens of km).  The 

time scale for transport over regional scales is of the order of days, during which complex 

regional wind flow patterns play a crucial role in the transport and mixing of O3 and its 

precursors.  These flow patterns are simulated by MM5, as discussed in the previous 

section. SAQM simulates the following processes: emissions, mean wind transport, 

turbulent dispersion, chemistry, and dry deposition.  The technical formulations of the 

modules that treat these processes are summarized in Table 3-1.  Additional details on the 

individual process modules are provided in the following sections. 

 

3.1 Domain and Resolution 

 

Though surrounded by mountain ranges, the California Central Valley is by no 

means an isolated system.  Transport of O3 and precursors from the San Francisco Bay 

Area was identified in our conceptual model (Pun et al., 1998) as an important 

contributing factor to high O3 in the northern part of the San Joaquin Valley under certain 

meteorological conditions.  In addition, air exchange between the southern San Joaquin 
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Table 3-1.  The Simulation of Key Processes by SAQM. 

Process Modeled 
in SAQM 

Technical Formulation Role in Conceptual Model 

Emissions Emissions from area, mobile, and 
biogenic sources are treated in the 
surface layer.  Point sources are 
identified by location.  Plume rise 
is calculated based on Briggs 
(1975). 

Influence of mobile emissions 
at urban locations and 
biogenic emissions at rural 
locations. 

Transport by mean 
wind 

Bott’s fourth-order scheme for 
horizontal advection and second 
order scheme for vertical 
advection. 

Transport of O3 and 
precursors from upwind 
locations to SJV 

Aloft transport by nocturnal 
jet 

Turbulent 
Dispersion 

Simulated by a first-order 
turbulence closure eddy diffusion 
model for non-convective 
conditions.  A non-local closure 
asymmetrical mixing scheme is 
used for convective conditions. 

Preservation of O3 aloft from 
surface titration by NO 
emissions 

Entrainment of aloft O3 into 
mixed layer 

Chemistry Gas-phase chemistry with 
SAPRC-90 or CBM-IV.  
Aqueous-phase chemistry is 
ignored. 

Local production of O3 in and 
downwind of urban areas, and 
possibly in rural areas with 
significant biogenic sources 

Deposition Dry deposition is calculated using 
dry deposition velocities, which 
in turn are parameterized using 
the inverse resistance approach.  
Wet deposition is ignored. 

Significant removal 
mechanism for O3 (up to 3000 
tons per day); extent unknown 
for precursors 
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Valley and the San Luis Obispo area contributed to high O3 levels in the southwestern 

San Joaquin Valley and in San Luis Obispo County under different synoptic scale 

meteorology (Niccum et al., 1995).  Polluted air exits the San Joaquin Valley primarily 

through the Tehachapi pass.  Transport was also observed from the Sacramento area into 

the San Joaquin Valley (Blumenthal et al., 1997).  The modeling domain used in the ARB 

simulations (DaMassa et al., 1996) extended from just north of the Sacramento 

metropolitan area to the Tehachapi Mountains in the southeast corner, and included the 

upwind coastal cities on the west.  We recommend including the entire Sacramento 

Valley (up to Redding in the North) and extending the eastern boundary farther away 

from the Tehachapi Pass. 

Aloft transport was an important dispersion process for O3 and precursors during 

SJVAQS / AUSPEX (See Section 2).  Due to the mesoscale nature of these aloft wind 

flows, a domain covering the surface layer and the free troposphere was used in the 

simulation of the San Joaquin Valley. 

Seaman et al. (1995) applied MM5 to the San Joaquin Valley domain with a 

horizontal resolution of 4 km and found the resolution adequate for simulating most of 

the meteorological features of the valley (See Section 2).  In previous studies, air quality 

models were applied with coarser resolution (e.g., 12 km) than meteorological models.  

As a result, meteorological model outputs had to be spatially averaged when used as 

inputs to air quality models.  The processing of meteorological fields may introduce 

inconsistencies in the flow fields, which necessitate mass adjustment in the air quality 

model in areas with significant vertical transport (Zion Wang, personal communication, 

1998).  Therefore, it is important to ensure the consistencies of flow fields when using a 

meteorological model to provide inputs for air quality simulations. 

For a regional domain such as the Central Valley, decreasing the grid size to be 

commensurate with the meteorological models may be infeasible for an air quality 

simulation because of the associated computational cost.  However, SAQM was 

developed with nested grid capabilities.  In the San Joaquin Valley simulations, 4-km 

nested grids were used for urban areas, such as Fresno, Bakersfield, San Francisco Bay 

Area, and Sacramento, to simulate in detail the formation of oxidants in and downwind of 

urban centers (DaMassa et al., 1996). 
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Despite high surface temperatures in the summer afternoon, the mixing layer 

within the San Joaquin Valley tended to be fairly low (400 – 1200 m) due to large-scale 

subsidence and mountain effects.  At night, a strong surface inversion developed in the 

bottom 100 m near the surface.  NO surface emissions scavenge O3 near the ground but 

are isolated from the O3 aloft.  A high model resolution (tens of meters) near the surface 

is necessary to properly simulate the processes within this surface layer.  Above 2 km, a 

resolution of greater than 1 km (1.5, 1.6, 2.0, 3.3, and 4.9 km used in previous SAQM 

simulation) is sufficient to simulate the synoptic scale flows. 

A surface layer submodel (SLS) is included in SAQM to provide finer resolution 

close to the surface (to match the resolution of the lowest level of MM5, with three layers 

in the first 60 m).  Unfortunately, the SLS has not been fully evaluated, and there are 

some concerns about its performance based on our experience with the model in 

simulating the 1987 South Coast Air Quality Study (SCAQS) August episode.  While 

predictions of O3 at night are improved by the use of SLS, the performance of the model 

during the day and for other pollutants is unsatisfactory.  A comprehensive evaluation is 

needed to ensure that the representation of the processes in SLS is accurate. 

 

3.2 Treatment of Processes 

 

Emissions 

Emission sources handled by SAQM include area and point sources.  Area 

sources consist of a variety of emissions that cannot be resolved as point sources within 

the model formulation.  In SAQM, these are grouped into three categories: mobile 

sources, biogenic emissions, and other area sources (e.g., industrial emissions except 

major stack emissions, residential emissions).  Emissions from the area sources are 

injected into the lowest model layer, and point sources are emitted at an effective height, 

based on the plume rise for each point source.  The emissions processor calculates the 

plume rise for an individual point source using meteorological parameters provided by 

MM5.  Estimates of wind speed and temperature at the stack top are interpolated from the 

MM5 estimates and then used in the plume rise calculation.  The linkage between the 

emission processor and SAQM is described in the next section. 
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The chemistry of sulfur dioxide (SO2) and NOx differs significantly in plumes and 

in the background (Karamchandani et al., 1998; Karamchandani and Seigneur, 1999).  

SAQM contains a sub-grid scale treatment of plumes from large point sources (Myers et 

al., 1996).  Plume-in-grid treatments have been applied to sources in the Bay Area, and 

their effects on O3 predictions were found to be small.  However, the algorithm is 

unsatisfactory in several respects: (1) it uses empirical diffusion coefficients that not 

always realistic (Gabruk et al., 1998; Seigneur et al., 1999b), (2) the effects of turbulent 

fluctuations on chemistry are not accounted for, and (3) idealized treatments of plumes as 

a series of segments do not allow the proper simulation of wind shear, inter- (multiple 

plumes) or intra-plume (due to stagnation or wind flow reversion) interactions.  Newer 

plume-in-grid models (Sykes et al., 1997; Karamchandani et al., 1999) that overcome 

these limitations should be incorporated into SAQM to simulate major SO2 and NOx 

plumes from refineries near Bakersfield and NOx plumes from fossil-fuel fired power 

plants until they reach a size commensurate with that of the grid cells. 

 

Transport by the Mean Wind 

The numerical treatment of transport is particularly important for regional-scale 

applications due to the presence of low concentrations of chemical species in rural areas.  

During several episodes of SJVAQS/AUSPEX, weak ground level winds seemed to be a 

contributing factor for O3 build-up.  At surface wind speeds of < 2 m/s, it is important to 

minimize numerical errors in the advection scheme.  Bott’s scheme, used in SAQM, has 

undergone rigorous testing and was shown to treat low concentrations with great 

accuracy (Bott, 1989).  It is expected to be less susceptible to numerical diffusion than 

the Smolarkiewicz’s scheme it replaced.  However, significant upstream numerical 

diffusion has been observed in some applications of Bott’s scheme (Zhang et al., 1998).  

New advection schemes may help reduce numerical diffusion problems (Chock, private 

communication, 1998; Dabdub, private communication, 1998).  In addition, further 

testing and development work may be needed for low wind speeds.  Reducing the grid 

size may be one way to reduce numerical diffusion during stagnation. 
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Turbulent Dispersion 

Over regional scales, turbulent dispersion plays an important role in determining 

the mixing of the precursors of O3.  For example, during the night, turbulence levels are 

very low and hence precursors emitted at different heights are likely to mix very slowly.  

Over the course of the night, the wind shear in the nocturnal boundary layer will result in 

the transport of these unmixed O3 precursors to widely separated areas of the regional 

domain.  Thus, in rural areas, where precursor emissions are low, O3 formed during the 

day is likely to be the product of reactions among pollutants that originate from distant 

source regions.  These considerations suggest that an accurate treatment of turbulent 

dispersion is important for simulating regional scale O3.  Turbulent dispersion in SAQM 

is calculated using a vertical eddy diffusion coefficient, Kz, which is calculated internally 

in the model.  The numerical values of Kz depend on the representative velocity and 

length scales (e.g., friction velocity, PBL height) of the atmospheric boundary layer. 

Aloft transport, especially at night, was identified in the conceptual model as an 

important dispersion process for O3 and VOC (Pun et al., 1998).  To properly simulate 

the effects of aloft transport on ground level O3, vertical mixing needs to be accurately 

represented.  Vertical mixing involves either turbulent diffusion or convective mixing.  

Relief-driven vertical wind components, including upslope and downslope flows at the 

edge of the valley, may also be responsible for combining air parcels that originate from 

different altitudes.  Accurate meteorological predictions from MM5, including wind 

speeds, temperature profiles, mixing heights, and surface heat fluxes, are necessary for 

the accurate prediction of vertical transport, particularly in locations with complex terrain 

where convective vertical transport can be significant.  However, in most SAQM 

applications, several MM5 layers are combined to form SAQM layers.  This can result in 

the smoothing of some meteorological fields, e.g., vertical wind velocity.  In addition, 

mass consistency should be examined in processing the meteorological model output to 

eliminate the need for mass conservation adjustment within SAQM in areas of high 

vertical transport. 

Another potential issue is that vertical mixing schemes used under stable and 

unstable conditions result in different predictions.  The semi-implicit K theory (used 

under stable conditions) typically results in slower mixing than the asymmetric 
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convective mixing (ACM) scheme (used under unstable conditions).  Therefore, at 

locations with high NOx emissions, the semi-implicit K theory leads to lower O3 

predictions due to titration of O3 by NO.  The difference in the O3 predictions may be up 

to 15 ppb (Zion Wang, personal communication, 1998).  These vertical transport issues 

must be resolved before the model can give reliable estimations of the zones of influence 

of emission sources under conditions of long-range aloft transport. 

 

Gas-Phase Chemistry 

Only gas-phase chemistry is treated by the model; aqueous-phase chemistry is 

ignored.  SAQM was designed to be used with either the Statewide Air Pollution 

Research Center (SAPRC-90) mechanism (Carter, 1990) or the Carbon Bond 

Mechanism, version 4 (CBM-IV) (Gery et al., 1989).  A key difference between these 

two mechanisms is the procedure used for lumping organic compounds.  SAPRC uses the 

lumped molecule approach by classifying each molecule into a model class based on its 

homologous series and its size.  The lumped structure approach in CBM-IV assigns each 

molecule to model classes that represent functional groups.  Both mechanisms have been 

extensively tested against environmental chamber data, which were typically obtained at 

pollutant concentrations higher than observed in the ambient atmosphere.  The 

implementation of the mechanisms in SAQM only included rudimentary treatments of 

isoprene chemistry.  Both SAPRC-97 (Carter et al., 1997) and the current version of 

CBM-IV have been updated with revised isoprene chemistry.  In light of the abundance 

of biogenic emissions in the inventory (Magliano, 1996) and the high reactivity of these 

compounds, more detailed isoprene reactions should be implemented in the mechanisms. 

Several authors (e.g., Blanchard et al., 1995; Lu and Chang, 1998) alluded to the 

possible NOx-sensitivity of the O3 system in the San Joaquin Valley, and VOC-sensitivity 

in upwind areas such as the San Francisco Bay Area (Altshuler, 1998; Lu and Chang, 

1998; Ziman, 1998).  Therefore, it is important that the chemical mechanisms properly 

simulate both NOx-sensitive and VOC-sensitive regimes.  When NOx is abundant (VOC 

sensitive regime), the primary termination product for radicals is nitric acid (HNO3).  

However, when the NOx concentration is low, HO2 and RO2 radicals recombine to form 

H2O2 or organic peroxides (ROOH). The results of the SAQM/SAPRC and 
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SAQM/CBM-IV models should be compared for consistency for both NOx-sensitive 

chemistry and VOC-sensitive chemistry before the predictions of SAQM are used in 

regulatory decision making. 

 

Deposition 

Only dry deposition is treated by the model; wet deposition is ignored because O3 

episodes occur primarily during dry conditions.  The time scales involved in regional-

scale transport suggest that dry deposition can be a very important process that 

determines concentrations of O3 precursors in rural areas.  Dry deposition is simulated in 

SAQM using the resistance-in-series approach.  The aerodynamic resistance characterizes 

the transport through the surface layer, and is a function of the atmospheric stability.  The 

diffusion across the quasi-laminar boundary sublayer is characterized by the deposition 

layer resistance.  The final resistance term describes the surface absorption of a gas.  The 

dry deposition velocities are calculated by the meteorology preprocessor.  The dry 

deposition module in SAQM was reportedly updated (DaMassa et al., 1996) based on 

findings from the California Ozone Deposition Experiment (Massman et al., 1994).  

Massman et al. (1994) found that RADM, the precursor of SAQM, overpredicted the 

deposition velocity of O3 for two types of plant cover and incorrectly partitioned O3 

fluxes between transpiring and non-transpiring components of the third site.  A recent 

process analysis comparison (Zion Wang, personal communication, 1998) found that 

SAQM predicted higher deposition fluxes than other models, which seems inconsistent 

with the modifications reported in DeMassa et al.  Since dry deposition is potentially an 

important mass flux in the San Joaquin Valley, any inaccuracy of the model 

representation needs to be understood and rectified. 

 

3.3 Model Input Linkages 

 

In addition to SAQM, the SARMAP modeling system comprises two other 

models, MM5 and EMS (Emission Modeling System).  These models provide key inputs 

to the process modules of SAQM discussed in the previous section.  For example, EMS 

provides gridded and speciated emission estimates to SAQM.  A compatible linkage 
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between MM5, EMS, and SAQM ensures that a minimal amount of processing takes 

place between the output from these models and the input to SAQM.  Intermediate 

processors, as shown in Figure 3-1, establish the linkages between the three models.  The 

processors consist of various submodels with individual functions identified in Figure 3-1. 

MM5 has been designed to be fully compatible with SAQM.  Therefore, 

meteorological fields generated by MM5 can be directly used by SAQM with minimal 

processing.  The only processing that is needed is due to differences in the horizontal 

domain and the vertical grid system of SAQM and MM5.  SAQM is typically run on a 

smaller domain and with fewer vertical layers than MM5.  These differences require the 

meteorological preprocessor to manipulate MM5 output files to match the SAQM 

horizontal and vertical grid system.  The manipulation is purely numerical and, in some 

cases, involves interpolation and averaging.  It is important to ensure that the 

manipulation of the MM5 fields does not violate the inherent physics of the fields, e.g., 

mass conservation properties.   

The meteorological preprocessor also calculates parameters not provided by MM5 

but required by SAQM, such as dry deposition velocities and photolysis rates.  It is 

unclear why these variables are not estimated internally in SAQM using the processed 

MM5 input fields and procedures similar to those in the preprocessor.  Another important 

variable that is used by both MM5 and SAQM but is calculated independently in the two 

models is the turbulent diffusion coefficient, Kz.  It seems intuitive that MM5 and SAQM 

use the same Kz fields to simulate subgrid scale turbulent dispersion.  This is because the 

turbulent eddies responsible for dispersion of heat, momentum, and water vapor in MM5 

are also responsible for dispersion of pollutants in SAQM.  However, as currently 

formulated, SAQM estimates the Kz fields internally and these fields could be different 

from those estimated by MM5. 

EMS was designed to provide input emission rates for precursors of O3 at the 

temporal and spatial resolutions required by SAQM.  The linkage between EMS and 

SAQM appears to be quite good since very little processing is required on the EMS 

output files before they can be used as input to SAQM.  The processing consists primarily 

in merging the emission rates from the following four source types: area, point, mobile, 

and biogenics, into one single SAQM input file.  Emission rates from three of the four
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Figure 3-1.  SAQM Input Linkages 
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source types, i.e., area, mobile, and biogenics, are added for each horizontal grid cell 

since they are treated in the lowest vertical layer of SAQM.  The point sources, 

representing major stationary sources, are treated differently because they are released in 

SAQM at an elevation that is typically above the first vertical grid layer.  The vertical 

location of the emission input is determined by the effective stack height of the source.  

This height is estimated by the plume rise module of the emission preprocessor.  The 

meteorological fields required for the plume rise calculation are provided by the MM5 

output.  It is unclear why the plume rise calculation is not done internally in SAQM.  As 

currently formulated, there could be uncertainties associated with the fact that 

meteorological fields (e.g., wind speed at stack height) used in the plume rise calculation 

are not consistent with those used in simulating other processes (e.g., advection transport 

in the vertical layer corresponding to the stack height). 
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4.0 RECOMMENDATIONS  

 

4.1 Field Measurements and Data Analysis 

 

Table 4-1 summarizes the field data needed to improve the conceptual 

understanding of the system and to support model application and evaluation.  Field 

measurements needed to apply air quality models include initial and boundary conditions.  

Initial conditions are not critical because the model can be run for a period of time to 

flush these initial conditions out of the domain (spinup period).  Boundary conditions, on 

the other hand, are very important.  They are needed at the edges and top of the modeling 

domain.  Clean air concentrations should not be assumed at the edge of the domain 

because aircraft measurements have shown that the polluted air mass can extend for 

several kilometers offshore.  Therefore, measurements are needed at the boundaries of the 

modeling domain for O3 and its precursors.  The lack of information at the top boundary 

of the modeling domain has traditionally been a major source of uncertainty in model 

predictions.  Since the SAQM model domain extends to the free troposphere, aloft 

measurements of O3, VOC, and NOx at a few locations will be needed for model 

performance evaluation purposes. 

It is recommended that in future experimental campaigns, meteorological data be 

obtained in an area extending somewhat beyond the area of interest, especially in the 

regions where strong advection may be expected.  Such data would be used with FDDA 

in MM5 to better characterize mesoscale wind flow patterns that extend to the edges of 

the modeling domain (e.g., flow up the Sacramento Valley from the flow divergence that 

occurs east of the Carquinez Straight).  It would also be useful to obtain measurements of 

ground temperature and moisture or surface fluxes at various points throughout the 

domain.  This information would be used in evaluating the causes of surface temperature 

overprediction by the model. 

Even though significant improvements were made for the San Joaquin Valley 

emissions inventory in the 1990 field study, reconciliation with ambient data still 

indicates significant uncertainties in VOC emissions.  Continuing efforts are needed to 

provide better emissions estimates for biogenic, mobile, oil production, and 
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Table 4-1.  Field Measurements to Improve the Conceptual Model and to Support Air 

Quality Modeling. 

 

Data Use 

Emissions Inventories (mobile sources, 
biogenic sources, oil production, 
uninventoried sources) 

Emissions input 

Meteorological data (winds, temperature, 
RH) especially aloft, mixing layer height 
(including areas beyond the immediate area 
of interest); ground temperature and 
moisture or surface heat and moisture 
fluxes 

Meteorology model input (FDDA), 
evaluation of meteorological model 
predictions (e.g., the boundary layer 
parameterization). 

O3 and precursors at boundaries of 
modeling domain and within domain 
(surface and aloft) 

Boundary conditions / Initial conditions 

Operational (surface O3) and diagnostic 
model evaluation (surface precursors, aloft 
O3 and precursors) 

Photochemical products (e.g., HNO3, PAN, 
H2O2, organic peroxides) 

Diagnostic model evaluation; assessment 
of the sensitivity of oxidants to precursors 

NO2, PAN, and other nitrogen species Diagnostic model evaluation 

NO3 and other radicals (OH, HO2 / RO2) Diagnostic model evaluation 

Dry deposition fluxes of NO, NO2, HNO3, 
PAN, VOC, and O3 over a range of 
surfaces and atmospheric conditions 

Assessment of key mass fluxes, diagnostic 
model evaluation 
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uninventoried sources.  Based on reconciliation with ambient data, there are some 

concerns that the biogenic inventory may be overestimated.  Biogenic compounds are 

highly reactive, and are, therefore, not prone to accumulation in the ambient atmosphere.  

Since exceedances of the new 8-hour O3 standard are likely at rural locations with high 

biogenic VOC emissions, the formulation of effective strategies for these areas will 

require accurate biogenic emission inventories and proper representation of biogenic 

reactions in the chemical mechanisms.  Major differences in the anthropogenic emissions 

inventories are observed between the week and the weekend.  The effects of changes in 

NOx and VOC emissions on O3 concentrations should be studied using both data analysis 

and modeling approaches. 

A key feature of the conceptual model is that high O3 concentrations are 

preserved aloft at night because the thermal inversion insulates the aloft layer from the 

effects of surface NOx emissions.  The contributions of sources in different upwind areas 

to the aloft O3 need to be analyzed.  In addition, the effects of aloft point sources need to 

be studied to determine the zones of influence and dispersion characteristics of such 

sources.  The nocturnal jet at 200 – 400 m may provide the vehicle for long range 

transport of these pollutants.  To understand the impact of aloft transport, aloft winds and 

pollutant concentrations need to be accurately predicted by the meteorology / air quality 

modeling system.  Aloft measurements of wind and concentrations must be taken at 

sufficient temporal and spatial resolution to provide for data assimilation (meteorological 

model) and model evaluation (meteorological and air quality models).  While SJVAQS / 

AUSPEX seemed to have provided enough upper air meteorological data to support data 

assimilation (except in the northern part of Sacramento Valley), the concentration data 

were obtained much less frequently by aircraft.  More aloft concentration data should be 

collected to allow for better characterization of the magnitude of aloft transport. 

Measurements of H2O2 / ROOH and HNO3 are useful for estimating the relative 

sensitivity of O3 to VOC and NOx at urban, suburban, and rural locations.  Note that the 

sensitivities may be a function of location and meteorology.  For example, some evidence 

indicates that the San Francisco Bay Area is in a VOC-sensitive regime during 

summertime, while most of the San Joaquin Valley appears to be more sensitive to NOx.  

The sensitivities of O3 to its precursors in the northern part of the San Joaquin Valley 
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may alter as a result of increased transport from the San Francisco Bay Area.  In addition 

to measuring the relevant indicator species (e.g., HNO3, H2O2, NOy), a more 

comprehensive modeling study is recommended for evaluating the indicator approach 

(e.g., Sillman, 1995) under different meteorological scenarios. 

The NOx and NO2 measurements suffered from interference from oxidized 

nitrogen species such as PAN and HNO3.  Accurate measurements of NOx and NO2 are 

important both for the understanding of the characteristics of air masses of different 

chemical “age” and for model evaluation purposes. 

Nitrate radical measurements were taken during the SJVAQS / AUSPEX.  The 

concentrations of nitrate radicals in the San Joaquin Valley were sufficient to oxidize 

organic compounds at the same rate in the evening as they are oxidized by OH during the 

day (Smith et al., 1995).  This unexpected conclusion (VOC oxidation at night by nitrate 

radicals is typically expected to be two orders of magnitude slower than the day-time 

process initiated by OH (Atkinson, 1997)) shows that it is important to measure other 

radical species in addition to NO3, especially OH, HO2, and RO2, which have never been 

measured in large-scale field programs in the San Joaquin Valley. 

In addition to O3 fluxes, dry deposition fluxes of precursors and products are 

needed to provide a better understanding of the pollutant removal processes within the 

valley.  Measurements of deposition fluxes of NO, NO2, HNO3, PAN, and VOC are 

needed over a range of surfaces and atmospheric conditions. 

 

4.2 Model Development 

 

Specific areas of model development of MM5 are highlighted below: 

�� Use optimal interpolation to analyze the data in order to assimilate various 

types of data with different error characteristics 

�� Reduce as much as possible the numerical diffusion by using better 

algorithms 

�� Use a full radiation scheme and use a PBL scheme that is not overly sensitive 

to surface temperature in its definition of the PBL height 
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Specific areas of model development of SAQM are highlighted below: 

�� Implement advanced subgrid-scale treatment of plumes 

�� Evaluate the performance of the dry deposition module 

�� Resolve mass adjustment by modifying the processing procedures of MM5 

outputs 

�� Resolve vertical transport inconsistencies 

�� Test surface layer submodel and modify as needed 
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5.0 CONCLUSIONS 

 

We have reviewed the MM5 / SAQM modeling system and concluded that, in 

principle, it represents the key features of the conceptual model for O3 formation in the 

San Joaquin Valley.  Several aspects of the model related to vertical mixing and transport 

need to be tested and improved.  Modeling studies are recommended to (1) elucidate the 

sensitivities of O3 to its precursors at different locations where the 8-hour NAAQS is 

expected to be exceeded, and (2) investigate the zones of influence of emission sources 

due to long-range aloft transport. 

Until now, O3 and PM pollution issues have been considered independently.  In 

the San Joaquin Valley, exceedances of the PM and O3 NAAQS occur in different 

seasons.  Recent studies (e.g., Meng et al., 1998) have shown that control strategies for 

O3 may have adverse effects on PM in the same modeling scenario.  Pun and Seigneur 

(1998) postulated that the formation of PM in the San Joaquin Valley is sensitive to the 

availability of oxidants.  Since control strategies are seldom season-specific, measures for 

controlling summer O3 will certainly affect the oxidant concentrations, hence PM 

formation, in the winter.  

Also, particulate matter has been shown to affect O3 in modeling studies through 

their light extinction properties (Dickerson et al., 1997; Jacobson, 1998), typically 

leading to higher photochemical activity and higher O3 concentrations aloft and lower 

photochemical activity and lower O3 concentrations at the surface.  Dreher and Harley 

(1998) postulated that this effect may partly explain the increased O3 concentrations 

observed on weekends at some locations affected by heavy truck traffic during the week.  

Although PM is not a significant problem in the San Joaquin Valley summer O3 season, 

the extent of its influence, if any, on O3 formation has never been quantified in the San 

Joaquin Valley.   

Therefore, the effects of any control measures designed for the summer O3 

problem on PM need to be investigated.  In this regard, a model that treats both PM and 

O3 (see Seigneur et al., 1999a for a review of such models) is required for air quality 

studies in the San Joaquin Valley. 
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1.0 INTRODUCTION 

 

The California Regional PM2.5/PM10 Air Quality Study (CRPAQS) of 1999 – 

2000 contains three components: the annual study, the winter study, and the fall study.  

The monitoring domains are shown in Figure 1-1.  The objectives of the CRPAQS are to: 

(1) obtain a quality data base, (2) evaluate the backbone network (used to determine 

compliance), (3) examine temporal and spatial distributions of PM concentrations, (4) 

examine boundary layer and regional circulation, (5) estimate source zones of influence 

and contributions, (6) determine sources of secondary aerosols, (7) refine conceptual 

models, and (8) improve simulation methods. 

The long-term average study will take place from December 1, 1999 to January 

31, 2001, with daily continuous aerosol sampling and meteorological measurements at 

several sites to supplement the ARB backbone network.  Upper air measurements of wind 

speed and direction will be acquired continuously (15-minute averaging time) at 11 sites 

using radar profilers, and at one site using a sodar.  Upper air measurements of the virtual 

air temperatures will be obtained at the radar profiler sites using radioacoustic sounding 

systems (RASS).  In addition, radiosondes will be launched twice a day at 4 sites to 

obtain aloft measurements of wind speed and direction, temperature, and relative 

humidity (RH).  A 100-m micrometeorological tower will be set up at Angiola to obtain 

high time resolution measurements of meteorology and particle size at several levels.  

Information from the tower will aid in the interpretation of boundary layer evolution.  

Special studies will also be carried out for measurement technique evaluation, winter PM 

forecast, assessment of background site elevation, and summer organic aerosols. 

The winter study will be held towards the end of the annual study from December 

1, 2000 to January 31, 2001.  In addition to continuous measurements of PM mass, size 

distribution, light scattering, sulfate, nitrate, and elemental carbon / organic carbon 

(EC/OC), gaseous measurements of oxidized nitrogen (NOy)/NO, ammonia (NH3), sulfur 

dioxide (SO2), nitric acid (HNO3), and ozone (O3) will be obtained.  About 20 episode 

days will be selected for intensive monitoring.  On those days, PM-2.5 elements, ions, 

some speciated organic compounds (both particulate and gas phases) will be obtained 
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Figure 1-1. CRPAQS Monitoring Domains for Annual, Winter, and Fall Studies.  

(Source:  Watson et al., 1998) 
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at intervals of 5-6 hours to supplement the continuous measurements.  Additional upper 

air meteorological sites will also be set up to measure daily profiles of wind and 

temperature using radar profilers, RASS, and sodars.  On episode days, 2 to 6 soundings 

of radiosondes will be made to capture the diurnal changes in upper air meteorology, 

including RH. 

Details regarding the fall study are not clear, as the description of measurements 

in Section 7 recapitulates that for the annual study.  Two special studies will be 

conducted to investigate agricultural dust suspension and deposition, and ammonia or 

nitric acid limitation in the vicinity of ammonia sources. 

The objectives of this work are to: 

 

• = Review the Field Program Plan for the CRPAQS (hereafter referred to as the 

Field Program Plan) 

• = Recommend any modifications to the Field Program Plan 

• = Provide feedback on modeling data needs, priorities, and potential tradeoffs 

 

A general review of the Field Program Plan is provided in Section 2.  Section 3 

describes the knowledge gaps in the conceptual model of PM formation in the San 

Joaquin Valley (Pun and Seigneur, 1998a) and the measurements that are useful for 

understanding these processes.  The data needed for model execution and evaluation are 

presented in Pun and Seigneur (1998b) and compared against the Field Program Plan in 

Section 4.  In Section 5, we present our recommendations on the priorities and potential 

tradeoffs of field measurements, based on the CRPAQS objectives. 
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2.0 GENERAL REVIEW OF THE FIELD PROGRAM PLAN 

 

The outlined plans in Sections 5.6, 6.5, and 7.3 of the Field Program Plan for 

using the data from the CRPAQS annual, winter, and fall studies to attain the field 

program objectives contain the same text.  It is clear that the annual study is designed to 

understand the causes of PM-2.5 annual averages that might exceed the National 

Ambient Air Quality Standard (NAAQS), while the winter study focuses more on PM 

episodes and on generating the necessary data for the application and evaluation of 

episodic air quality source models.  (The main goal for the fall program is not defined 

because the text in that section is duplicated from the winter / annual sections.)  Without 

clear directions on how to apply the data from each study to fulfil the CRPAQS 

objectives, it is difficult to evaluate the effectiveness of the proposed measurement 

strategies. 

In addition to unclear objectives, incomplete descriptions of the Angiola tower 

measurements (Section 6.3), the aircraft valley-wide layer depth study (Section 6.4.1), 

and the free radical study (Section 6.4.5) make it hard to determine how these 

measurements aid in furthering the understanding of PM formation and / or model 

evaluation.  The Field Program Plan also provides few details for the development of 

emissions inventories, which should be an integral part of any field program.  The only 

mention of measurements to support emissions modeling is found in Section 3 

(Conceptual model, questions, and data needs) of the Field Program Plan: 

 

Separate studies will be carried out during CRPAQS field studies to 1) estimate 

traffic volumes, makeup, and the distribution of  primary particle emission rates; 

2) create chemical profiles for emissions from cooking, cold start exhaust, visible 

exhaust, diesel exhaust, residential burning, and suspended dust; and 3) 

determine day and site specific events that might affect concentrations. 

 

No information is available regarding the measurement approach, the testing sites, 

and the time frame of these measurements.  The details for the fall measurement program 
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are sketchy, as the fall program description in Section 7 appeared to be duplicated from 

the annual program of Section 5. 

While nearby sources and high wind fugitive dusts were highlighted in the 

sections that describe the uses of annual / winter / fall study measurements to attain the 

objective of refining the conceptual model (Section 3.1), several aspects of the proposed 

conceptual models require verification.  Measurements that are useful in verifying the 

conceptual models will be discussed in Section 3 in conjunction with those required to fill 

the knowledge gaps identified by Pun and Seigneur (1998a). 
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3.0 KNOWLEDGE GAPS 

 

Several knowledge gaps were identified in the conceptual models for PM 

formation in the California San Joaquin Valley (Watson et al., 1998, Section 3; Pun and 

Seigneur, 1998a).  To verify Watson et al.’s conceptual model, specific measurements are 

needed to assess the effects of mixing in the morning and early afternoon, the influence 

of stratus clouds on secondary aerosols, the extent of oxidant production (surface and 

aloft), the importance of aqueous sulfate production, and the magnitude of aloft transport 

in the winter.  Pun and Seigneur (1998a) augmented the conceptual model of Watson et 

al. (1998) and emphasized the need to understand the formation of atmospheric oxidants 

during the winter season.  Oxidants play an important role in the production of secondary 

compounds, including HNO3 (precursor to particulate nitrate), sulfate, and secondary 

organic aerosols (SOA).  In the fall, the areas that need to be studied include the sources 

of fugitive dust, the dispersion processes responsible for the subregional distribution of 

PM, and the limiting reagent (i.e., HNO3 or NH3) for the formation of ammonium nitrate.  

Table 3-1 summarizes the key areas of uncertainties and the measurements that may be 

taken to reduce those uncertainties.  The field data needs are discussed further in the next 

paragraphs. 

 

3.1 Gas-Phase Measurements 

 

Gas-phase data are needed for both the precursors of secondary PM and for 

oxidants.  These data are important not only for the evaluation of chemical pathways for 

the formation of sulfate, nitrate, and secondary organic aerosols, but also for the 

evaluation of the gas-phase chemical mechanism used in the host air quality model.  Gas-

phase data from routine monitoring stations will be supplemented with 5-minute NOy/NO 

data and light hydrocarbons samples collected every sixth day in the annual study.  For 

the winter study, continuous monitors are proposed for NOy, NO, NH3, SO2, HNO3, and 

O3.  Light and heavy hydrocarbons will be measured with 5 or 6 hour samples during PM 

episodes. 
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Table 3-1.  Knowledge Gaps 

Question Information Needed Proposed Measurements in 
the Field Program Plan 

Re: Ammonium Nitrate   

 
Is NH3 abundant for 
NH4NO3? Everywhere in 
the valley? 
 
During all seasons? 

 
Ammonia inventory, spatial 
coverage, area sources, non-
winter conditions. 
 
Measurements of NH3, HNO3, 
and NH4NO3. 

 
Emission study (ES), special 
fall study in the vicinity of an 
ammonia source. 
 
5 sites during winter episodes 
(HNO3 and NO2 separation if 
possible). 
 

 
What chemical processes 
are responsible for the 
formation of HNO3? 

 
Diurnal profiles of NO, NO2, 
NO3, HNO3, OH, O3, including 
in fog. 
Spatial and Temporal 
distributions of fog and clouds. 
 
Measurements of solar radiation 
in fog. 
 

 
NO, NOy, NH3, HNO3, O3 
winter study continuous sites 5 
minutes. 
Fog observed at airports and 
backbone sites. 
 
Solar radiation only measured 
at routine sites. 

 
Is the formation of HNO3 
limited by oxidants or 
NOx? 
 

 
Same as above. 

 
Same as above. 

 
Is the formation of 
oxidants limited by VOC 
or NOx? 

 
Evaluation of the gas-phase 
chemical mechanisms and the 
indicator approach in the winter 
season (through modeling 
studies and field data, see 
below). 
 
H2O2, HNO3/PM nitrate 
measurements. 
 

 
 
 
 
 
 
 
No continuous H2O2 
measurements. 
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Table 3-1.  Knowledge Gaps (continued) 

Question Information Needed Proposed Measurements in 
the Field Program Plan 

Re: Secondary Organic Aerosols   

 
What is the abundance of 
SOA during non-winter 
seasons? 
 

 
PM OC profiles for primary 
sources, especially tracer-based 
profiles in SJV. 
 
Ambient organic PM 
composition. 
 

 
ES. 
 
 
 
Anchor sites. 

 
What are the precursors 
of SOA? 

 
Anthropogenic and biogenic 
VOC inventory. 
 
Understanding of gas-phase 
reactions forming condensable 
compounds (laboratory research 
and data analysis). 
 

 
ES. 
 
 

Re: Sulfate   

 
Is the sulfuric acid formed 
neutralized by NH3? 
 

 
Inventories of NH3 and SO2. 

 
ES. 

 
What are the key 
chemical processes (gas-
phase and aqueous-phase) 
for the formation of 
sulfate? 

 
Measurements of OH, SO2, O3, 
H2O2, Mn2+, Fe3+, RH, pH, 
particulate water, including low 
concentrations in fog. 
 
 
Understanding of pH evolution 
and buffering capacity within 
fog droplets (laboratory analysis 
of fog composition, including 
organic buffering agents). 
 
Spatial and temporal distribution 
of fog and clouds. 

 
No continuous measurements 
for H2O2, OH; SO2 at only one 
(Bakersfield) site. 
Only total Fe, Mn, ions during 
episodes. 
 
9 RH sites with 5-minute data.  
No continuous monitor for 
particulate water (maybe fog 
study?)  Any collection of fog 
droplets? 
 
Limited fog observations likely 
taken at airports, nephelometers 
at backbone sites. 
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Table 3-1.  Knowledge Gaps (continued) 

Question Information Needed Proposed Measurements in 
the Field Program Plan 

Re: Primary Sources   

 
How to improve receptor 
modeling? 

 
Better profiles for primary 
sources (dust, mobile, burning): 
SJV specific, fingerprint 
compounds. 
 

 
ES. 

Re: Horizontal Transport   

 
Where does aloft 
transport take place? 

 
Measurements of wind speeds as 
a function of time and height. 
 

 
7 sites during episodes, 2 – 6 
/day. 

 
What is the extent of 
upper air transport of 
precursors? PM? 

 
Measurements of diurnal upper 
air meteorology and 
concentrations of O3, NOx, VOC, 
SO2, HNO3, PM 

 
Wind speed, direction, 
temperature, RH daily or 2-7 
times / day.  Aloft 
concentrations not measured 
except PM measurements aloft 
during one episode (to be 
compared to elevated Sierra 
sites). 
 

 
What is the range of 
surface level transport 
during the fall? 

 
Surface meteorology 
measurements taken at PM 
monitoring sites. 
 
PM size measurements (used to 
estimate deposition life time of 
particles). 
 

 
Sensitive, fast wind and RH 
monitors at core sites.  Wind 
measurements at transport sites. 
 
Daily 5-minute particle size 
distribution at 3 core sites for 
annual study. 
 

 
What are the influences of 
widespread area sources 
(fall)? 

 
PM emission inventories for 
geological material sources, 
uninventoried sources. 
 

 
ES. 
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Table 3-1.  Knowledge Gaps (continued) 

Question Information Needed Proposed Measurements in 
the Field Program Plan 

Re: Vertical mixing   

 
Is upper air transport 
responsible for dispersion 
of pollutants? 

 
Measurements of temporal and 
spatial variations of mixing 
height. 
 
 
Concentration profiles of PM 
and precursors in the vertical 
direction. 
 

 
Aircraft study (winter special 
study, spatial variability), 2 to 6 
soundings per day during 
winter episodes at 4 sites. 
 
Aloft concentration 
measurements not planned. 
 

Re: Wet deposition   

 
What are the wet 
deposition fluxes? 

 
Size fractionated fog samples. 
Collection of settled fog 
droplets.  Measurements of 
sulfate, nitrate, OC, other 
elements/ions. 
 

 
Fog study at Angiola tower may 
include some fog droplet 
sampling. 

 
Is re-suspension of PM a 
concern after a fog 
episode? 
 

 
Fog/PM/PM component fluxes 
during / after fog episodes. 
 

 
Same as above. 

Re: dry deposition   

 
What is the extent of dry 
deposition? 

 
Direct eddy flux measurements 
of PM and precursors over a 
range of surfaces and under a 
range of meteorological 
conditions (tower or aircraft). 

 
Dust deposition/suspension 
experiments planned.  Gases 
and fine particles mentioned for 
deposition experiments at the 
tower, but no details available. 
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Missing in this list are NO2, VOC other than hydrocarbons (such as oxygenates), 

and other radical and oxidants such as OH, H2O2, and NO3.  Although NO2 may be 

separable from NOy measurements, NO2 should be measured independently because it is 

the immediate precursor to HNO3, the probable limiting reagent for NH4NO3 according 

to the conceptual models.  With accompanying measurements of other nitrogen species, 

the important processes responsible for the formation of nitric acid and the limiting 

reagent in the system may be inferred. 

Oxygenated organic compounds, such as aldehydes and ketones, are primary 

VOC as well as intermediate products of the atmospheric oxidation if VOC.  Aldehydes 

contribute significantly to oxidant formation through their photolysis and atmospheric 

reactions.  In addition, both aldehydes and ketones can provide useful information on the 

extent of reactions of organic compounds.  These measurements are needed to initialize 

the model and are also very useful for the evaluation of chemical mechanisms.  Note that 

chemical mechanisms for oxidant formation have not been evaluated for cool and wet 

conditions. 

OH is obviously a key gas-phase oxidant for both NO2 and SO2.  H2O2 (possibly 

also organic peroxides, ROOH) is an important aqueous oxidant for SO2.  NO3 is a 

precursor to HNO3, both in the aqueous phase and gas phase when photolysis is reduced.  

Although ozone will be continuously monitored in the winter study of CRPAQS, an 

ozone monitor with sufficient sensitivity for measuring ozone in the fog has yet to be 

identified.   Measuring these radicals and oxidants will yield information directly relevant 

for understanding nitrate and sulfate chemistry. 

Gas-phase measurements of ammonia and nitric acid during the annual study will 

be useful in determining the relative abundance of the precursors to NH4NO3 in the 

spring, summer, and fall.  Higher temporal resolution (e.g., hourly data) may be 

beneficial for understanding emissions and chemical reactions of primary organic 

compounds.  Five-minute measurements may be unnecessary for some of the other 

compounds, especially secondary compounds such as NOy.  Intermittent sources of NH3, 

NOx, and SO2 may be detected using high resolution data; however, inference regarding 

the location of the source and the duration of the emission activity may be difficult under 

calm conditions. 
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Watson et al. (1998) postulated that the production of secondary aerosol, 

including sulfate and nitrate, takes place aloft and in cloud droplets.  Therefore, 

measurements of aloft concentrations of precursor gases (SO2, NOx, NH3) and oxidants 

(O3, H2O2) should be taken to verify those aspects of their conceptual model.  In addition, 

this information is useful in assessing the extent of vertical mixing at various times of the 

day, the importance of aloft production of oxidants, the importance of aloft transport of 

PM precursors and oxidants from upwind areas such as the San Francisco Bay Area, and 

the efficiency of upper air transport as a mechanism for pollutant dispersion within the 

San Joaquin Valley (e.g., for NH3). 

 

3.2 Particle Measurements 

 

There is a strong emphasis on particle measurements in the Field Program Plan: 

continuous measurements of PM-10, PM-2.5, size distribution, light scattering, and PM-

2.5 components at resolution of 5 minutes (sulfate, nitrate, EC/OC) to 6 hours.  PM size 

distributions in the fall are useful for estimating deposition rates of geological particles 

and the zones of influences of the emission sources.  Indirect evidence may also be 

obtained from the size distribution regarding the dominant processes for the production of 

secondary compounds.  For example, sulfate of gas-phase origin tends to deposit onto 

smaller particles than sulfate formed in the aqueous phase (Hering and Friedlander, 1982; 

Meng and Seinfeld, 1994; Hering et al., 1997). 

 The special study of fog intensity and composition should address some of the 

questions raised in IMS 95.  Since details of the fog study to be conducted at Angiola 

tower are not yet available, we could not assess whether additional measurements should 

be recommended.  Areas requiring additional research include (1) the agent(s) 

responsible for the unexplained fog buffering capacity observed in urban fog droplets, (2) 

accurate measurements of oxidants (O3, H2O2), catalysts (Fe or Mn), and SO2 at low 

levels to confirm the relative importance of the sulfate-forming reactions, and (3) wet 

deposition fluxes of fog water and fog components such as nitrate, sulfate, ammonium, 

and organic compounds.  
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3.3 Surface and Upper Air Meteorological Measurements 

 

The temporal and spatial variations of the mixing layer height have a strong 

impact of the dispersion and transport of PM and PM precursors.  A special study is 

scheduled during the winter of 2000 for an aircraft investigation of the spatial variations 

of the mixing layer depth.  The frequency of flights is unknown at this time.  During the 

winter episode, 17 stations will be operational with radar profilers and RASS, and 10 

stations will be equipped with sodars for continuous (15 minute) measurements (versus 

11 radar profilers/RASS and 1 sodar during the annual study).  In additions, 2-6 

soundings will be made at 6 upper air radiosonde stations to measure wind, temperature, 

and relative humidity (RH) as a function of height.  On the other hand, the backbone 

network only contains 11 stations that make 1 to 2 soundings per day.  Higher spatial and 

temporal resolutions are desired for both the annual study and the intensive studies in the 

fall and winter to characterize the mixing conditions in the SJV and to provide 

information from which the impacts (time, location) of aloft transport may be inferred. 

Measurements of solar radiation are essential to assess the importance of NO3 as a 

precursor for the production of HNO3.  Fog reduces the amount of radiation available at 

the surface, and reduces the photolysis rate of NO3.  Together with increased water 

content, the accumulation of NO3 may increase the importance of N2O5 hydrolysis as a 

pathway for the formation of HNO3.  To properly analyze the production of nitrate, 

measurements of radiation, especially during a daytime fog episode, are recommended. 

The spatial and temporal distribution of fog and clouds may be an important 

factor affecting the efficiency of the production of nitrate and sulfate.  Fog observations 

are made at the airports by automatic surface observation systems and at the backbone 

sites, indirectly, by nephelometers.  Information about the vertical extent of fog is, 

however, limited to the observations of the special study.  The spatial and temporal extent 

of clouds may be observed by satellites, but the use of satellite data is not currently 

included in the Field Program Plan. 
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3.4 Vertical Mixing and Aloft Transport 

 

The impacts of aloft transport and reaction processes are key areas of uncertainty 

in the conceptual models and are related to vertical mixing within the San Joaquin 

Valley.  The mixing layer height during the day is variable in time and in space.  

Different estimation techniques tend to result in inconsistent answers.  Since PM 

correlates well with aloft temperature, which can be related to atmospheric stability, a 

consistent understanding of the daytime mixing layer is needed to evaluate the dispersion 

processes of PM. 

 The evening inversion plays an important role in trapping emissions within a 

shallow layer next to the surface, resulting in increased concentrations of PM (and 

probably precursors as well) at the urban sites.  The conceptual model in Section 3 of the 

Field Program Plan states that as the inversion layer breaks, the trapped material is mixed 

into the “valley wide” layer aloft.  This is where chemical reactions take place to produce 

secondary compounds such as HNO3 during the day.  Stronger winds aloft are postulated 

to be a mechanism for the dispersion of pollutants.  This conceptual model seems simpler 

than the conceptual model developed by Pun and Seigneur (1998a) based on the findings 

of Dye et al. (1998).  Dye et al. found that the atmosphere within the San Joaquin Valley 

is typically divided into 3 layers, as shown in Figure 3-1.  Wind speeds with the surface 

layer are typically low.  The upper mixed layer is characterized by uniform wind flows at 

higher speeds (up to 10 m/s).  According to Dye et al. (1998), this layer is between 1 and 

2 km. 

It is not clear in the Field Program Plan which layer is the so-called “valley wide” 

layer and where aloft transport, suggested by the conceptual model, takes place.  Watson 

et al. (1998) described the mixing situation in Section 2 (pg. 2-10) as follows: 

 

During winter nights and mornings, a shallow (30 to 50 m agl) radiation 

inversion forms, which only begins to couple to the valleywide mixed layer 

between 1000 and 1200 PST, and reasserts itself after sunset at 1800 PST. 
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Figure 3-1.  Vertical Layers in the San Joaquin Valley (Dye et al., 1998) 



CP045.3 3-11

From this description, the valleywide mixed layer seems to be the equivalent of 

the decoupled surface layer depicted in Figure 3-1.  (Figure 2.4-1, which might help 

clarify the definitions, is missing in the Field Program Plan).  If this is the case, it should 

be confirmed that the wind speed in the decoupled surface layer (typically less than 5 

m/s) can be responsible for the aloft transport that is inferred in the model.  Another 

possibility is that transport takes place in the upper mixed layer.  Upper air measurements 

to characterize the height of this layer, and concentration measurements aloft to 

understand the vertical extent of mixing in the afternoon could be useful.  Currently, no 

upper air measurements of chemical / PM concentrations are planned.  Ground level 

measurements at elevated sites are proposed; however, they will characterize the valley 

slopes and may not represent aloft conditions in the center of the valley.  A winter special 

study is planned to compare PM measurements taken at 250 m above ground level in the 

valley and those taken at the Sierra Foothills sites.  However, there is no back-up plan to 

study the aloft concentrations of PM and their gaseous precursors in case the foothill sites 

are found to be unrepresentative of concentrations aloft in the valley. 

 

3.5 Data for Receptor Modeling 

 

Receptor models are particularly useful tools for understanding the source 

contributions of primary sources.  The requirements of running a receptor model such as 

Chemical Mass Balance (CMB) are accurate ambient measurements of PM composition 

and detailed source profiles specific to the area of interest.  Key areas of uncertainties 

include fugitive dust profiles, motor vehicle emissions categories such as cold start, 

running losses, and exhaust, and various vegetative burning profiles.  Accurate 

measurements of PM source profiles (specific for the San Joaquin Valley) and the 

measurement of compounds that provide source signatures will extend the resolution of 

CMB to a larger number of sources and allow more accurate determination of source 

contributions of all relevant sources. 
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4.0 Data Needs for PM Air Quality Model Evaluation 

 

The data needed for executing and evaluating PM source models are discussed in 

Pun and Seigneur (1998b) and summarized in Table 4-1.  The meteorology and chemistry 

measurements proposed in the Field Program Plan should form a reasonable database for 

model execution and evaluation.  However, several areas require supplemental data. 

 In general, additional aloft measurements of meteorology are desirable.  The 

planned measurements combine continuous measurements (11 radar profilers/RASS and 

1 sodar during the annual study; 17 radar profilers/RASS and 10 sodars during the winter 

study) with radiosondes (twice per day during the annual study and up to six times per 

day during winter episodes).  The continuous measurements provide 15-minute temporal 

resolution for wind speed, wind direction, and temperature data.  However, the range of 

radar profilers (wind measurements) and RASS (virtual temperature measurements) are 

limited to 500 to 800 m, respectively, while sodars can measure wind speed and direction 

up to 2000 m.  The ranges of the continuous measurements fall short of the decoupled 

layer.  Radiosondes, which obtain data from 0.1 to 10 km above ground level, are only 

launched 2 to 6 times a day during CRPAQS. 

 Other improvements are also desired in the meteorology network.  The spatial and 

temporal variations of mixing height and observations of fog and clouds are important 

inputs for data analysis and for the meteorological model.  In addition, measurements of 

solar radiation during a fog episode will aid the testing of the current assumptions made 

in air quality models and provide useful information to refine chemical kinetic 

calculations within the fog module. 

 Emissions inventories are particularly important for the performance of PM air 

quality models and should be independently verified.  Coupled with accurate source 

profiles, source strength (emission factors) information obtained in a separate emission 

study will allow the independent evaluation of the emissions programs within the air 

quality modeling system.  Emissions measurements are a critical component of a field 

program designed to generate a database for model performance evaluation.  A model 

performance evaluation is meaningless when poor model performance can be attributed 

to large uncertainties in the input data.  Although details regarding the emissions study 
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Table 4-1.  Data Needs for Episodic Modeling 

Data Spatial 
Resolution 

Temporal 
Resolution 

Proposed Measurements in the 
Field Program Plan 

 
Meteorology 

Wind Speed and 
Direction 

 
 
 
 
 

Temperature 
 
 
 
Mixing Height 
 
 
 
Relative Humidity 

 
 

Solar Radiation 
 
 
Fog / Clouds 

 
 
Surface and Aloft 
 
 
 
 
 
 
Surface and Aloft 
 
 
 
Surface or 
Aircraft 
 
 
Surface and Aloft 
 
 
Surface and Aloft 
 
 
Surface and aloft 
(coverage and 
depth) 
 

 
 
< 1 hour * 
 
 
 
 
 
 
< 1 hour 
 
 
 
< 1 hour 
 
 
 
< 1 hour # 

 
 
< 1 hour 
 
 
< 1 hour 

 
 
Surface/tower: 1-5 min; aloft: 4-7 
radiosondes twice per day to 2-6 
times per day (w); 15-min average 
data from 11 to 17 radar profilers, 
1 to 10 sodar 
 
 
Same as wind measurements for 
sondes; 15-min average data from 
11 to 17 RASS 
 
Winter aircraft measurements (f?), 
temperature profile soundings 2-6 
times per day at 4 sites (w) 
 
Surface: 5 min, aloft 2-6 times per 
day at 4 sites (w) 
 
Radiation at backbone sites only 
(f?) 
 
Fog/cloud observations probably 
obtained at airports (f?) 
 

 
Emissions 

(PM-2.5, PM-10, 
Precursor Gases) 
 
Profiles 
(Anthropogenic and 
Biogenic) 
 
Emission Factors 
 

 
 
 
 
 
Representative 
Sources 
 
 
Major Sources 

 
 
 
 
 
N/A 
 
 
 
1 to 4 hours 

 
 
Details of emission study 
unavailable  

 
PM-2.5 / PM-10 

Total Mass 
 
 
Sulfate 
 

 
 
Surface and Aloft 
 
 
Surface and Aloft 
 

 
 
1 to 4 hours 
 
 
1 to 4 hours 
 

 
 
10 min (annual, winter anchor 
sites) 
 
5 min (PM-2.5 winter anchor sites) 
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Table 4-1.  Data Needs for Episodic Modeling (continued) 

Data Spatial 
Resolution 

Temporal 
Resolution 

Proposed Measurements in the 
Field Program Plan 

 
Ammonium  

Nitrate 
 
 
Elemental carbon 
 
 
Organic carbon 
(speciated) 
 
 
Chloride 

 
Surface and Aloft 

Surface and Aloft 
 
 
Surface and Aloft 
 
 
Surface and Aloft 
 
 
 
Surface and Aloft

 
1 to 4 hours  

1 to 4 hours 
 
 
1 to 24 hours 
 
 
1 to 24 hours 
 
 
 
1 to 4 hours 

 
24 hour 

10 min (PM-2.5 winter anchor 
sites) 
 
30 min (PM-2.5 winter anchor 
sites) 
 
OC 30 min, speciation 5-6 hours 
(PM-2.5 winter anchor sites, 
episodes) 
 
3-6 hours (PM-2.5 winter anchor 
sites, episodes) 
 

 
Gases 
 
 
 

O3 

NO 

NO2 

 
 
VOC (Speciated) 
 
 
HNO3 

NH3 

H2O2 

Organic Peroxides 

PAN 

OH  

HO2 

NO3 

CO 

SO2 

 

 
 
 
 
 
Surface and Aloft 

Surface and Aloft 

Surface and Aloft 
 
 
Surface and Aloft 
 
 
Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface  

Surface  

Surface  

Surface and Aloft 

Surface and Aloft 

 
 
 
 
 
1 hour 

1 hour 

1 hour 
 
 
1 to 4 hours 
 
 
1 hour 

1 hour 

1 hour 

1 hour 

1 hour 

1 hour 

1 hour 

1 hour 

1 hour 

1 hour 

 
No aloft gases measurements 
planned (except for a special 
winter study) 
 
5 min (winter anchor sites) 

5 min (winter anchor sites) 

5 min (winter anchor sites; 
separated from NOy if possible) 
 
5-6 hours (hydrocarbons only; no 
oxygenates such as aldehydes) 
 
5 min (winter anchor sites) 

5 min (winter anchor sites) 

None (fog study?) 

None (fog study?) 

Lumped into NOy 

None  

None 

None 

Backbone sites (annual, f?) 

5 min (winter anchor sites) 
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Table 4-1.  Data Needs for Episodic Modeling (continued) 

Data Spatial 
Resolution 

Temporal 
Resolution 

Proposed Measurements in the 
Field Program Plan 

 
Droplet Chemistry 

Water Content 

Sulfate 

Nitrate 

Ammonium 

Chloride H2O2 

Sulfite 

H+(pH) 

Dissolved Fe3+ and 

Mn2+ 

 

 
 
Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

Surface and Aloft 

 
Fog Only 
1 hour  

1 hour  

1 hour  

1 hour  

1 hour  

1 hour  

1 hour  

1 hour  

1 hour 

 
Details of fog study unavailable 

 
Wet Deposition 

Sulfate 

Nitrate 

Ammonium 

 
Representative 
Locations 

 
Fog Only 
1 hour 

1 hour 

1 hour 
 

 
Details of fog study unavailable 

 
Dry Deposition 

PM-2.5 

PM-10 

HNO3 

NH3 

SO2 

O3 

 

 
Different Surface 
Types (aircraft 
measurements or 
tower 
measurements) 

 
Representativ
e 
Meteorology 

 
Dust (coarse PM) deposition study 
at Angiola tower 
(Tower measurements of gases and 
fine particles mentioned, but 
details unavailable) 

* 5-minute temporal resolution is desired during stagnation  
# 5-minute temporal resolution is desired during fog 

f? frequency unknown 

w winter study supplements annual study with additional sites and increased frequency of 

observations 
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are limited, we recommend the verification of the abundance of ammonia emissions 

relative to nitric acid production as a priority.  The temporal and spatial profiles of NH3 

and SO2 are also uncertain.  Accurate source profiles of San Joaquin Valley sources will 

be beneficial to the application of receptor modeling from which the contributions of 

secondary organic aerosols (SOA) can be determined.  In addition, a review of the 

anthropogenic and biogenic VOC emissions inventories is necessary for the accurate 

modeling of oxidant chemistry and SOA formation. 

The particulate-phase data needed for source models of PM include both mass 

concentration and composition.  Since the evaluation of PM source models is a strong 

emphasis of the CRPAQS field study, a fairly complete set of measurements is proposed.  

These data should form a good database for the operational evaluation of a PM air quality 

model, as well as the diagnostic evaluations addressing PM components and diurnal 

profiles.  Some redundancy has been built into the mass measurements.  Several PM 

measurements are also taken at high time resolutions compared to our recommendations.  

The redundancy and excess resolution provide opportunities for tradeoffs in other areas.  

We suggest increasing the time resolutions in the measurements of NH3, HNO3, and other 

precursors (i.e., shorter averaging time) to make them comparable to those of the PM 

chemical components. 

Measurements of gases are important for the evaluation of the chemistry modules, 

which typically have only been evaluated against data taken in warm temperatures.  The 

biggest challenge for CRPAQS may be to incorporate aloft measurements of PM 

precursors and oxidants.  Even surface measurements are inadequate for several 

important oxidants and precursors, including radical species such as NO3, OH, HO2, and 

molecular species such as H2O2, NO2, and PAN.  Some of these species are likely to be 

important for the understanding of sulfate and nitrate chemistry and should be taken 

during some fog episodes.  Higher frequencies of speciated VOC measurements 

(including oxygenated VOC, particularly aldehydes) are also desired, because of their 

importance as precursors to SOA and to oxidants. 

To understand the effects of fog, droplet chemistry should be studied.  This 

involves collecting size-resolved fog samples both at the surface and aloft and analyzing 

their composition in terms of water, sulfate, nitrate, ammonium, chloride, H2O2, sulfite, 
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pH, and dissolved metals.  A resolution of one hour is recommended, because fog 

episodes typically last less than 10 hours.   

A set of measurements is needed to evaluate the prediction of fluxes in the PM air 

quality model, and to ensure that there are no major compensating errors in the model.  

For example, if a model overpredicts wet deposition and underpredicts dry deposition, it 

may perform well with a test case with fog.  However, if the model is then applied to an 

area without fog, the predictions will be erroneous.  The main fluxes of concern are 

emissions, advection, vertical mixing, wet deposition, and dry deposition.  Data needed 

for the independent evaluation of emissions and vertical mixing have been discussed 

previously. 

The amount of pollutants entering the valley at the surface could be determined 

by the horizontal flux (concentration and wind measurements) at a well-defined point of 

transport, such as a mountain pass.  During IMS 95, the wind flow was too poorly 

defined at flux plane monitoring sites to calculate the fluxes entering the monitoring area.  

This conclusion was not unexpected given the dominance of stagnation.  Aloft fluxes of 

pollutants should also be evaluated due to their potential importance for the transport of 

precursors and oxidants from upwind source areas (such as the San Francisco Bay Area) 

or within the San Joaquin Valley.  These fluxes may be estimated from aircraft 

measurements of concentrations at a flux plane with good characterization of upper air 

winds. 

Wet deposition of sulfate, nitrate, ammonium, and organic compounds can be 

measured directly by collecting fog samples at the ground surface and analyzing the 

chemical composition (see above). 

Some dry deposition measurements are planned at Angiola.  In addition to dust, 

fine and coarse PM should also be studied.  We recommend also dry deposition 

measurements of precursor gases, including HNO3, NH3, SO2, and oxidants such as O3.  

All deposition measurements need to be conducted under a variety of meteorological 

conditions, and for different surface types.  Aircraft measurements are recommended for 

sampling a variety of surfaces during a sampling period of a particular type of 

meteorology.  However, well-planned tower measurements are also a viable option.  
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5.0 RECOMMENDATIONS 

 

5.1 Priorities 

 

The priorities for the CRPAQS field study can be summarized as follows in terms 

of measurement categories (not in order of importance). 

 

• = PM mass: PM-2.5 and PM-10 

• = PM composition: sulfate, ammonium, nitrate, elemental carbon, speciated organic 

carbon, chloride 

• = Gas-phase species: 

• = precursors of PM (surface, aloft): NO, NO2, speciated VOC (including 

aldehydes), HNO3, NH3, SO2 

• = oxidants: O3, H2O2, organic peroxides 

• = radicals: OH, HO2, NO3 (highest priority to OH) 

• = Emissions: source profiles, inventories of NH3, SO2, VOC with good spatial and 

temporal resolution (hourly for weekday and weekend) and, for VOC, chemical 

speciation 

• = Mixing layer height: spatial and temporal resolution 

• = Meteorology (surface and upper air): wind speed and direction, temperature, RH, 

radiation flux 

• = Dry deposition measurements of PM and precursor gases 

• = Droplet chemistry for PM components and precursors 

• = Wet deposition measurements of PM components 

 

Measurements that we consider as low priority include the following. 

 

• = Particle size distribution of PM-2.5.  Some size distribution of PM-10 may be useful 

in the fall study to characterize settling velocities of coarse PM.  Although particle 

size distribution of PM-2.5 can provide some useful information on the chemical 
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pathways that led to secondary PM formation, chemical measurements of PM, 

precursors, and oxidants are considered to be more important. 

• = Measurements of NH3 and HNO3 near an NH3 emission source to study NH3/HNO3 

limitation.  Such an area should be characterized by high NH3 concentrations 

compared to HNO3 concentrations and, therefore, it is not clear what information will 

be gained from this study.  Measurements of NH3 and HNO3 should be conducted in 

priority in the areas which experience high NH4NO3 levels, i.e., receptor areas.  If the 

NH3 source area corresponds to such a receptor area, then, such measurements may 

be justified. 

• = Duplicate measurements are very useful for evaluating the measurement techniques.  

The extent of such measurement duplication must, however, be weighed against other 

priorities (e.g., sufficient spatial coverage and temporal resolution; measurements of 

other variables) 

 

5.2 Tradeoffs 

 

Based on the measurements that are proposed in the Field Program Plan and the 

data needs we identified in Sections 3 and 4, we recommend the following tradeoffs.  The 

study design principles outlined in Section 4.1 of the Field Program Plan explained the 

reasons behind the proposed measurements.  One of the main objectives is to generate a 

database for use in the performance evaluation of PM air quality models.  Our 

recommendations for alterations of the study design are based on that objective. 

 

Major tradeoff categories include the following: 

 

• = More detailed measurements at a few sites versus less detailed measurements at many 

sites. 

• = Time/space resolution versus time/space coverage 

• = Measurements of some variables versus other variables. 

 

We discuss each of these tradeoffs below. 
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5.2.1 More Detailed Measurements at a Few Sites vs. Less Detailed Measurements 

at Many Sites 

 

One of the study design principles (Section 4.1 of the Field Program Plan) is that 

“more detailed measurements at a smaller number of locations” are “of greater utility 

than less detailed measurements at many locations.”  This may not be true for model 

evaluation purposes.  At present, the understanding of the distribution, transformation, 

and especially transport of PM is still limited.  Although detailed information may aid in 

the basic understanding of the formation of secondary PM and in refining the conceptual 

models, the data requirements may not be completely compatible with the construction of 

a quality database for model execution and evaluation.  It may be more important to test 

the model’s ability to reproduce the general features of PM spatial and temporal 

distribution within the San Joaquin Valley rather than gain a detailed understanding of 

the patterns of PM formation at a few specific locations.  Furthermore, whereas PM-2.5 

mass measurements are relatively easy to make, some of the detailed measurements are 

pushing the sensitivities of current measurements (e.g., high frequency particle size 

distribution, NH3 and HNO3 measurements) and may be relatively uncertain.  The quality 

of the data may affect their value.  Good PM mass data at a large number of sites may be 

more useful for analysis and model evaluation than detailed data at a few locations, 

particularly if some of those detailed measurements have poor accuracy/precision. 

Is “more frequent and more complete aerosol chemistry” really “preferable to a 

larger number of locations with only mass concentrations”?  The argument given in 

Section 4.1 is that without chemical compositions, elevated mass concentrations cannot 

be explained and remain anomalies.  We agree that determining PM chemical 

composition is important, however, the Field Program Plan may propose more 

information than required for model evaluation.  In Section 4.4 of the Field Program 

Plan, a number of short duration (5 to 10 minutes) measurements are proposed for the 

annual and winter studies at the anchor sites (PM-2.5 mass, PM-10 mass, PM-2.5 carbon, 

PM-2.5 light scattering, and PM-2.5 light absorption, and various meteorological 

measurements).  For example, the proposed 5 to 10 minute averaging time for the PM-2.5 

measurements for the annual study will result in 105,120 data points per site per 
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measurement!  While these measurements may be used to identify wind gusts and 

intermittent sources, their benefits must be weighed against the cost of acquisition, 

storage, quality assurance, and analysis of such a large body of data for a long-term 

study.  Before these measurements are commissioned, one should carefully assess the 

expected quality of the data, the information they will yield, how they will be analyzed, 

and how they will be used to further our understanding of PM pollution in the San 

Joaquin Valley. 

Although high time resolution data are useful in analyzing anomalous PM 

phenomena, the use of the high time resolution data in modeling is likely to be limited.  

First, an anomalous episode may not be a likely candidate for episodic modeling.  

Second, even if the anomaly is captured by the chemical composition data, it may not be 

captured in the meteorology and emissions data used to support the modeling exercise.  

Third, the time-scale of the intermittent elevated concentrations may be too short to be 

captured by the model, whose typical time scale is one hour.  If an unexpected high PM 

concentration is observed, it is obviously desirable to be able to confirm and explain it.  

However, the cost of these “frequent” and “complete” aerosol chemistry must be weighed 

against the alternative cost of spatial coverage of measurements.  From the point of view 

of model evaluation, spatial coverage with reasonable temporal resolution (e.g., 1 hour) is 

preferable to high time resolution data limited in spatial coverage. 

In addition, resolution in time may be traded for resolution in space such that high 

time resolution is obtained only at a few representative sites.  We recommend, instead of 

10 minute PM mass data at 3 anchor sites for the annual study, hourly measurements for 

PM mass at anchor and selected satellite sites, with 10 minute data at one representative 

site. 

 

5.2.2 Time/Space Resolution vs. Coverage 

 

In the design of a field program, tradeoffs exist between the coverage (range) and 

the resolution in each of the dimensions x, y, z, and t.  The spatial domain of CRPAQS 

extends from Chico to the South Coast Air Basin (NS) and from the Mojave Desert to 

200 km west of San Francisco (EW) (see Figure 1-1).  The time frame for the annual 
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study is December 1999 to January 2001, and December 2000 to January 2001 for the 

winter study (with 20 intensive days).  Depending on the flexibility in the domain and the 

monitoring period, tradeoffs can be made between the time resolution of the 

measurements and the monitoring period, or the spacing of monitoring sites and the study 

domain. 

The domain and lengths of the annual, winter, and fall studies seem reasonable.  

As discussed in our earlier report (Pun and Seigneur, 1998b), it is essential to include as 

much of the upwind emission sources as possible.  Therefore, a domain that extends north 

to Chico and includes the San Francisco Bay Area is appropriate.  The PM National 

Ambient Air Quality Standards (NAAQS) include both 24-hour and annual average 

values.  Actually, the annual average value must be averaged over 3 years (it is, therefore, 

more a 3-year running average standard than an 1-year average).  Therefore, the 1-year 

period planned for CRPAQS is a minimum and the success of the program will depend 

on that year being fairly representative of longer-term averages (i.e. 3-year averages).  

Twenty intensive days are planned for the winter study.  This plan should allow for 4 to 5 

episodes (assuming 4 to 5 days per episode).  Seigneur et al. (1998) stressed the 

importance of evaluating the performance of 3-D air quality models for several episodes 

characterized by different meteorologies and atmospheric chemistry.  The winter study 

should provide a useful database to that end.  However, we recommend that other 

intensive measurements be conducted at other times of the year.  Although high PM-2.5 

concentrations occur during wintertime, we need to assess how emission control options 

that are beneficial for reducing wintertime PM-2.5 will affect PM-2.5 concentrations 

during other seasons (this is relevant to the annual standard) and O3 concentrations during 

summertime (this is relevant tot he 8-hour average O3 NAAQS). 

In summary, it seems that the coverage of CRPAQS is not overstated and it would 

not be wise to increase time/space resolution of the measurements by reducing the 

coverage. 
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5.2.3 Measurements of Some Variables vs. Other Variables 

 

As shown in Table 4-1, a number of measurements need to be incorporated into 

the Field Program Plan, based on our list of data needs for model evaluation.  These 

measurements may be traded against redundancy (and also temporal or spatial resolution) 

of other measurements.  They can also be traded against other measurements (which 

would then be eliminated from CRPAQS).  The measurements that we recommend to add 

are listed in Table 4-1.  A few suggestions of possible tradeoffs are presented in Table 5-1. 
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Table 5-1.  Possible Tradeoffs for CRPAQS Measurements 

Recommended Additional Measurements Possible Tradeoffs 

1. Measurements of NO2 

2. Ground-level measurements of key radicals 
(OH, NO3, HO2, RO2; in order of priority) 

3. Measurements of H2O2  

4. Particulate phase ammonium (to match the 
resolution of sulfate and nitrate during an 
episode) 

5. Measurements of oxygenated VOC (e.g., 
aldehydes) 

6. Aloft measurements of gas-phase 
chemistry 

7. Solar radiation in fog 

8. Additional gas-phase measurements for the 
annual study (e.g., NH3, HNO3, SO2, O3, 
VOC) 

9. Dry deposition 

1. PM size distribution. 

2. Special fall study of NH3 / HNO3 
limitation. 

3. Some duplicate measurements of 
PM2.5 mass, ions, or elements 
during the winter study. 

4. Time resolution of component 
measurements. 

5. Surface meteorology sites. 

 

10. Increased spatial (x, y) resolution of aloft 
meteorology, especially mixing height  
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1. INTRODUCTION 

 

Ambient data from the 1995 Integrated Monitoring Study (IMS95) show that 

areas in the California San Joaquin Valley exceed the short-term PM2.5 National Ambient 

Air Quality Standard (24-hour average concentration of 65 µg/m3).  Much of the PM2.5 

observed during winter is secondary in origin.  Of the key components of PM2.5, 

ammonium nitrate (NH4NO3) typically accounts for close to 20 µg/m3 of the PM 

material, corresponding to 30% of urban PM2.5 and 60% of PM2.5 in rural areas.  

Therefore, it is important to investigate the PM-precursor relationships of NH4NO3 for 

the formulation of effective PM2.5 control strategies, especially in rural areas. 

 In their conceptual model of PM formation, Pun and Seigneur (1999) postulated 

that the formation of NH4NO3 is limited by the availability of nitric acid (HNO3), because 

ammonia (NH3) emissions seem abundant in the San Joaquin Valley.  HNO3 is itself a 

secondary component, formed in the atmosphere as a product of photochemical reactions 

involving nitrogen dioxide (NO2), hydroxyl radical (OH), and ozone (O3) (the O3 reaction 

involves intermediates nitrate radical, NO3, and dinitrogen pentoxide, N2O5).  While 

nitrogen oxides (NOx) are directly emitted, the radical species are produced from 

precursors NOx and volatile organic compounds (VOC).  Therefore, their formation may 

be NOx-sensitive or VOC-sensitive.  Clearly, the chemistry regime has important 

implications towards the choice of effective emission controls. 

 This modeling study was performed to investigate the sensitivity of PM nitrate 

formation under conditions prevalent in the San Joaquin Valley during the winter season.  

This work was designed to complement any field measurements that may help unravel 

the details of nitrate chemistry in the ambient environment.  Our objectives were to: (1) 

develop a box model that includes atmospheric chemistry and gas/particle 

thermodynamics to simulate wintertime PM formation, (2) use the box model to study the 

sensitivities of oxidants and PM to precursors, and (3) investigate the use of 

photochemical indicators (Sillman, 1995; Lu and Chang, 1998) to predict the sensitivity 

of wintertime PM formation. 
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2. FORMULATION OF THE BOX MODEL 

 

A box model was selected to study the sensitivity of PM nitrate to NOx and 

oxidants.  Although a three-dimensional model should ultimately be used for this 

investigation, a box model, with carefully chosen initial conditions and emissions, 

provides valuable information on the major processes that govern the dynamics of nitrate 

formation during the winter PM episodes. 

Winter PM accumulation is primarily associated with stagnant conditions with 

low wind speeds (less that 2 m/s).  Therefore, advection is not treated in the box model.  

The box model treats the following processes: 

 

• = Emissions of precursor gases and PM 

• = Gas-phase chemistry using the Carbon Bond Mechanism IV (Gery et al., 

1989) with isoprene chemistry 

• = Dilution by and entrainment of aloft air as the mixing height rises 

• = Dry deposition of gases and PM 

• = Gas/particle partitioning using SCAPE2, a thermodynamic equilibrium 

aerosol module (Meng et al., 1995) 

 

Figure 2-1 depicts the dynamic processes simulated in the box model.  The processes 

listed above are simulated using an operator splitting approach. The Carbon Bond 

Mechanism IV (CBM-IV) is discussed in Section 2.1.  Section 2.2 provides an overview 

of the thermodynamic module SCAPE2.  Emissions files were obtained from the 

California Air Resources Board (ARB) for both gaseous and particulate species.  Dilution 

and entrainment were modeled based on the observed diurnal variations of the mixing 

layer height and aloft concentrations of pollutants retained from the previous afternoon.  

Dry deposition velocities for sulfur dioxide (SO2), NO2, O3, HNO3, hydrogen peroxide 

(H2O2), formaldehyde, higher aldehydes, and sulfate were obtained from the SARMAP 

air quality model (SAQM); while the diurnal dry deposition velocity profile for NH3 was 

obtained from Models-3.  The dry deposition velocity of sulfate was used for all 

particulate species in the simulation.  Due to the dependence of dry deposition on 
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Figure 2-1.  Dynamic Processes Simulated in the Box Model. 
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atmospheric and surface conditions, significant uncertainty is likely associated with our 

estimates of wintertime dry deposition values. 

 

2.1 Gas-phase Chemistry 

 

The key feature of the CBM-IV mechanism is the lumping of organic compounds 

based on their molecular structures (model species represent paraffin bonds, olefin bonds, 

etc).  Inorganic reactions represented in the CBM-IV mechanism are similar to those used 

in the other gas-phase mechanisms, such as SAPRC and RADM.  The list of gas-phase 

reactions is presented by Gery et al. (1989) and is not reproduced here.  Due to the 

abundance of biogenic emissions in the San Joaquin Valley, the most recent treatment for 

isoprene chemistry was implemented to ensure the proper representation of gas-phase 

chemistry.  A new species, ISPD, was added to represent a surrogate isoprene reaction 

product, which may undergo photolysis or react with OH, O3, and NO3.  Table 2-1 shows 

the isoprene chemistry update implemented in this study.  Therefore, the CBM-IV 

mechanism used in this study simulates the chemistry of 34 species (25 molecular species 

and 9 radicals) with 88 reactions. 

The gas-phase chemical kinetic equations are solved using the Young and Boris 

(1977) ordinary differential equation solver.  Pseudo-steady-state assumptions are made 

for all radical species (with the exception of NO3, whose reaction time scale dictates 

whether or not steady state is assumed at any time).  This approach provides a good 

balance between numerical robustness and computational efficiency. 

Aqueous-phase/fog chemistry was not included as part of the model.  Fog 

chemistry affects the production of sulfate and nitrate.  The omission of aqueous-phase 

sulfur chemistry is not expected to have significant impacts on the simulation, since 

SO2/sulfate chemistry has little effect on nitrate formation in an ammonia-rich and 

sulfate-poor environment.  The effects of the aqueous reaction forming HNO3 from N2O5 

+ H2O was tested by increasing the reaction rate of the gas-phase reaction in a sensitivity 

simulation. 
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Table 2-1.  Updated Isoprene Chemistry Included in the CBM-IV Mechanism. 

 

Modified Reactions  

(72)  O + ISOP 0.75 ISPD + 0.50 FORM + 0.25 XO2 + 0.25 HO2               
+ 0.25 C2O3 + 0.25 PAR 

(73)  OH + ISOP 0.912 ISPD + 0.629 FORM + 0.991 XO2 + 0.912 HO2       
+ 0.088 XO2N 

(74)  O3 + ISOP 0.65 ISPD + 0.60 FORM + 0.20 XO2 + 0.066 HO2          
+ 0.266 OH + 0.20 C2O3 + 0.15 ALD2 + 0.35 PAR         
+ 0.066 CO 

(75)  NO3 + ISOP 0.2 ISPD + 0.80 ORNIT(1) + 1.0 XO2 + 0.80 HO2            
+ 0.20 NO2 + 0.80 ALD2 + 2.40 PAR 

New Reactions  

(84)  OH + ISPD 1.565 PAR + 0.167 FORM + 0.273 ALD2 + 0.503 HO2   
+ 0.713 XO2 + 0.498 C2O3 + 0.334 CO + 0.168 MGLY 

(85)  O3 + ISPD 0.36 PAR + 0.15 FORM + 0.02 ALD2 + 0.154 HO2         
+ 0.064 XO2 + 0.114 C2O3 + 0.225 CO + 0.85 MGLY    
+ 0.268 OH 

(86)  NO3 + ISPD 1.282 PAR + 0.282 FORM + 0.357 ALD2 + 0.925 HO2  + 
0.075 XO2 + 0.075 CO23 + 0.634 CO + 0.85 ORNIT   + 
0.075 HNO3 

(87)  ISPD  0.832 PAR + 0.90 FORM + 0.067 ALD2 + 1.033 HO2     
+ 0.70 XO2 + 0.967 C2O3 + 0.333 CO 

(88)  NO2 +ISOP 0.2 ISPD + 1.0 XO2 + 0.8 HO2 + 0.2 NO2 + 0.8 ALD2   
+ 2.4 PAR + 0.8 ORNIT 

(1)  ORNIT not represented in current implementation. 
 

hv 
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2.2 Gas/Particle Partitioning 

 

SCAPE2 simulates the composition of atmospheric particles at equilibrium given 

the total (i.e., gas and particulate) amounts of sulfate, nitrate, ammonium, sodium, and 

chloride.  At each time step, the concentrations of NH3, sodium, chloride, and sulfate 

change as a result of direct emissions.  In addition, sulfuric acid and HNO3 are formed 

from chemical reactions in the gas phase.  For each time step, SCAPE2 inputs include the 

total mass of each species (gas and particulate phases), temperature, and relative humidity 

(RH).  SCAPE2 calculates the distribution of each species in the gas and particulate 

phases based on the thermodynamic properties of the gas/particulate system.  The outputs 

of interest are the gaseous concentrations of NH3, HNO3, and hydrogen chloride (HCl), 

and particulate concentrations of sodium, sulfate, ammonium, nitrate, and chloride. 
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3. BASE CASE SIMULATION 

 

3.1 Emissions Data 

 

The box model requires emissions of NH3, NOx, and VOC, which are the 

precursors of PM nitrate and oxidants.  ARB prepared gridded emission inputs from the 

IMS95 inventories, which were evaluated by Haste et al. (1998).  The emission files 

obtained from ARB contained gaseous species NOx, VOC (speciated), NH3, SO2, and 

several particulate species, including sodium, chloride, sulfate, organic carbon (OC), 

elemental carbon (EC), and a category representing all other particulate compounds.  

Hourly emissions in the modeling domain were calculated by adding point and area 

source emissions.  The diurnal emission profiles of NOx, NH3, and VOC for the entire 

IMS95 domain are shown in Figure 3-1.  The eight classes of VOC (2 alkanes, 2 

aromatics, 4 olefins) were converted to the lumped CBM-IV structure groups (PAR, 

TOL, XYL, OLE) and isoprene for use in the box model (see Table 3-1). 

 

3.2 Meteorological Data 

 

For the purpose of our box model simulations, only diurnal profiles of 

temperature, RH, and mixing layer height are needed to define the meteorological 

conditions.  Temperature and RH are used in both the gas-phase chemistry and aerosol 

thermodynamics calculations.  The mixing layer height is used to define the dilution and 

entrainment characteristics of the modeling domain.  Meteorological data were 

downloaded from the ARB-maintained IMS95 data base (http://www.arb.ca.gov/themis).  

Mixing layer heights were determined from the vertical temperature profiles at four 

stations (Corcora, El Nido, Bakersfield, and Fresno) within the San Joaquin Valley for 

the January 1996 episode (Ajith Kaduwela, ARB, personal communication, 1999).  

Spatially-averaged mixing height profiles were used in this study to represent typical 

episode conditions.  Figure 3-2 shows the diurnal variations of temperature, RH, and 

mixing layer height. 
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Figure 3-1. Diurnal Emissions of NOx, NH3, and VOC in the IMS95 Domain, January 6, 

1996 (Source: ARB, 1999). 
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Table 3-1.  Conversion of ARB Emissions Species to CBM-IV Species. 

 

Emission Species CBM-IV Species 

ALK1 3 PAR 

ALK2 7 PAR 

ARO1 TOL 

ARO2 XYL 

ALK1 OLE + 2 PAR 

ALK2 OLE + 5 PAR 

ALK3 OLE + 7 PAR 

ALK4 ISOP 
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Figure 3-2. Typical Diurnal Profiles of Meteorological Measurements.  Temperature 

and RH are averaged over 44 and 27 sites, respectively; mixing heights are 

averaged over four sites. 
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Photolysis rates were calculated based on cloud-free conditions, although fog 

sometimes persisted after sunrise. 

 

3.3 Observed Concentrations 

 

Observed concentrations were obtained from the IMS95 data base.  Ambient 

concentrations were used in two ways: (1) to drive the box model as initial conditions and 

(2) to provide an indication of the accuracy of the box model predictions.  Figure 3-3 

shows the spatially averaged concentrations of O3, NO, and NO2 during the January 4-6, 

1996 episode.  The average night-time O3 concentrations were a few ppb during this 

episode, despite the lack of O3 production at night.  At urban sites, O3 was depleted at 

night by NO titration; however, in rural areas, O3 persisted because the evening NOx 

emissions were not sufficient to remove all O3.  NO exhibited strong spatial and temporal 

variability, as is characteristic of primary pollutants.  NO2 typically varied within the 

range of 10 to 40 ppb.  Daily average concentrations of other species are shown in Table 

3-2. 

Haste et al. (1998) found significant uncertainties in the emissions inventory (e.g., 

underestimation by a factor of 4 for NMOC/NOx) based on comparisons of inventory 

ratios of VOC/NOx, NH3/NOx, and PM/NOx to ambient values.  For the box model 

simulations, the emissions of VOC were adjusted within the stated uncertainty range to 

obtain a base case that best matches the magnitudes of the ambient concentrations (see 

Section 3.5). 

 

3.4 Modeling Domain 

 

A 44 km x 44 km area around Fresno was chosen for the box model simulations.  

Based on Haste et al. (1998), the ambient NH3/NOx ratio compared well with the 

emissions inventory values over a 25 km radius of the monitoring station (i.e., an area of 

about 2000 km2).  Simulations with domains of 4 km x 4 km (urban scale) and 216 km x 

288 km (entire IMS95 domain) were also performed for the base case selection.  These 

simulations showed chemical dynamics that were not characteristic of the San Joaquin 
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Figure 3-3. Averaged Ambient Concentrations of All San Joaquin Valley Monitoring 

Sites, January 4-6, 1996. 
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Table 3-2. Daily Average Concentrations in the Fresno Area (Source: Kumar et al., 

1998). 

 

Chemical Species Average Concentration 

HNO3
(1) 1.9 ppb 

NH3
(1) 6.6 ppb 

SO2
(1) 2.6 ppb 

VOC(2) 0.445 ppmC 

PM sulfate(1) 2.9 µg/m3 

PM nitrate(1) 19.5 µg/m3 

PM ammonium(1) 6.3 µg/m3 

 

(1) January 4-6, 1996 

(2) December 9-10, 26-28, 1995 and January 4-6, 1996 
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Valley.  Because of high emissions concentrated over a small area without advection 

flow, the urban scale simulation resulted in significant build-up of pollutants, such as 

NOx, VOC, and PM, and a depletion of NH3 within a couple of simulated days, which 

was not observed during IMS95.  The chemical dynamics of the regional scale simulation 

indicated that the oxidant chemistry was too slow (because of the dilution of emissions 

over a large area) in rural areas to account for the observed PM nitrate and oxidant 

concentrations.  Therefore, the 44 km x 44 km domain was selected for the box model 

simulations. 

 

3.5 Base Case Simulation 

 

A 3-day simulation was performed for the Fresno domain, based loosely on the 

conditions found during the January 1996 episode.  The initial conditions used in the 

simulation are listed in Table 3-3 for a midnight start time.  We assumed that pollutants 

are trapped and preserved aloft when the nocturnal inversion isolates the surface from the 

aloft layer.  Therefore, the modeled aloft concentrations on each day are equal to the 

concentrations of pollutants in the previous afternoon at the time of maximum mixing 

height.  Aloft concentrations are also required for the first of the modeled days.  Since 

aloft concentrations were not measured during IMS95, characteristic aged emissions (the 

concentrations on the third day of a simulation without initial conditions) were assigned 

as the initial set of aloft concentrations. 

Based on the results of Haste et al. (1998) regarding uncertainties in the VOC 

emissions inventory (underestimation by a factor of 4 for VOC/NOx), the emissions of 

organics were adjusted to obtain a base case that best matches the ambient 

concentrations.  In the base case simulation, the organic emissions were doubled from 1.7 

x 107 mole C/day to 3.4 x 107 mole C/day within the domain in order to produce VOC 

and O3 concentrations similar to those observed in the San Joaquin Valley. 

The base case results for O3, NO, and NO2 are shown in Figure 3-4.  Note that 

rapid titration of O3 by NO occurs at the start of the simulation.  The first day is treated as 

a “spin-up” period, since the first 10 hours of the simulation are strongly affected by the 

initial conditions.  Therefore, only the results of the second and third days are analyzed.   
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Table 3-3.  Initial Conditions for Box Model Simulations. 

 

Chemical Species Concentration 

NO 36 ppb 

NO2 22 ppb 

O3 8 ppb 

NH3 4 ppb 

SO2 1.6 ppb 

CO 1.9 ppm 

HNO3 1.2 ppb 

VOC 218 ppbC 

PM chloride 0.32 ppb (0.49 µg/m3) 

PM sulfate 0.54 ppb (2.2 µg/m3) 

PM ammonium 5.5 ppb (4.3 µg/m3) 

PM nitrate 4.4 ppb (11.7 µg/m3) 
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Figure 3-4.  Base Case Simulation: O3, NO, and NO2 Concentrations. 
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The O3 concentration peaks at 2 p.m. (observed peaks occurred between 2 to 3 p.m. 

during the January episode) on both the second and third days, with values of 24 and 28 

ppb, respectively.  The simulated concentrations of O3 are within the range of values 

observed during the January 1996 episode of IMS95. 

The NOx concentration profiles, on the other hand, do not match the observed 

concentrations as well.  The ambient data for NO typically displays a peak value (60 – 

100 ppb) between 8 and 9 a.m. and high concentrations (30 – 50 ppb) throughout the 

night (see Figure 3-3).  The box model is unable to reproduce this profile.  A morning 

maximum concentration of about 20 ppb is predicted at about 10 a.m., and NO 

concentrations are typically low during the night.  The diurnal range of observed NO2 

concentrations is smaller than that of NO concentrations.  NO2 concentrations fluctuate 

between 10 and 30 ppb, with a midday minimum slightly before the time of maximum 

O3.  The simulated NO2 concentrations are typically 10 ppb higher than the observed 

values.  However, the midday minimum mentioned above agrees with the observations.  

In general, the simulated concentrations of NOx seem too low compared to the 

observations.  Since all emissions are well mixed in a box model, one possible 

explanation of the discrepancy is that the size of the modeling domain is too large to 

represent some of the more local variability in NOx concentrations, especially for the 

primary pollutant NO. 

 The 24-hour average PM concentrations and chemical composition are 

summarized in Table 3-4.  Note that chloride, EC, OC, and the category titled “all other 

species” are of primary origin.  Secondary organic aerosol formation is not modeled in 

the current study.  Particulate chloride emissions may participate in thermodynamic 

partition and result in gaseous HCl concentrations.  Particulate water is not reported here, 

since it was not measured during IMS95; note that significant amounts of water may be 

associated with the inorganic compounds.  The base case concentrations of the secondary 

inorganic components, sulfate, nitrate, and ammonium, are quite similar to those reported 

by Kumar et al. (1998) (Table 3-2). 

 The diurnal profiles of particulate ammonium and nitrate, as well as their 

precursors, NH3 and HNO3 are shown in Figure 3-5.  The concentration of HNO3 

predicted by the model is much lower than the IMS95 observations (Table 3-2).  This 
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Table 3-4.  Simulated PM Concentrations and Chemical Composition. 

 

Chemical Species Day 2 (µµµµg/m3) Day 3 (µµµµg/m3) 

Sulfate 2.5 2.7 

Nitrate 18 25 

Ammonium 6.6 8.8 

Sodium 0.4 0.6 

Chloride 1.4 2.0 

Elemental carbon 1.4 1.9 

Organic carbon 1.8 2.5 

All other species 0.5 0.7 

Total 33 44 
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Figure 3-5. Base Case Simulation: PM Ammonium and Nitrate, and Gaseous NH3 and 

HNO3 Concentrations. 
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result is consistent with the modeling results of Kumar et al. (1998), who alluded to 

measurement difficulties for HNO3.  Some PM nitrate seems to be formed during the day; 

however, much of the accumulation of PM nitrate and ammonium takes place in the 

evening, probably as a result of favorable partitioning of inorganic nitrate toward the 

particulate phase (due to colder temperatures and higher RH), as well as chemical 

production via the reaction of NO2 with O3.  The relatively high concentrations of NH3 

(an order of magnitude higher than HNO3 at all times) and the build-up of NH3 during the 

night (especially early morning) indicate that the formation of particulate nitrate is 

limited by the availability of HNO3.  Since the increase in PM nitrate in the evening 

greatly exceeds the available HNO3 in the gas phase for partitioning (the day time peak of 

HNO3 is about 0.3 ppb), we conclude that the chemical production of nitric acid and PM 

nitrate is significant in the evening.  Two chemical pathways exist for the production of 

HNO3.  The OH pathway takes place primarily during the day, when OH is more 

abundant. 

 

OH + NO2 � HNO3 (1) 

 

The N2O5 pathway consists of 3 steps. 

 

NO2 + O3 � NO3 (2) 

NO2 + NO3 � N2O5 (3) 

N2O5 + H2O � 2 HNO3 (4) 

 

Reaction 4 is favored when the RH is high and when lower temperatures increase the 

stability of the combination product N2O5.  The conclusion that the N2O5 pathway plays a 

significant role in PM production is supported by the predicted concentrations of the 

intermediates N2O5 and NO3 during the evening.  The production of PM nitrate via the 

N2O5 pathway ceased at night when N2O5 and NO3 are depleted, because O3, a key 

ingredient of NO3 (Reaction 2), is depleted. 

 Since Reaction 4 also takes place in the aqueous-phase with an increased rate, a 

simulation with an increased reaction rate for the hydrolysis serves as a test to estimate 
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the effects on PM nitrate due to the omission of the aqueous-phase reaction.  It was found 

that increasing the reaction rate constant of Reaction 4 by a factor of 10 increases the 

nitrate production by 13 to 18%, and accelerates the PM nitrate build-up at night.  

Therefore, this sensitivity test highlights the importance of the N2O5 pathway as a nitrate 

formation route. 
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4. SENSITIVITY SIMULATIONS 

 

Two simulations were conducted to test the changes in PM2.5 concentrations 

resulting from changes in the emissions of NOx and VOC within the modeling domain.  

The results of a sensitivity simulation with a 50% reduction in VOC are discussed in 

Section 4.1.  The 50% NOx reduction simulation is analyzed in Section 4.2. 

 

4.1 VOC Emission Reduction 

 

 A 50% reduction in VOC from the base case is equivalent to using the emissions 

estimates directly from the official inventory.  Figures 4-1 and 4-2 show the O3-NOx 

dynamics and the PM and precursor time series, respectively. 

 The key result is that the 24-hour average PM nitrate concentration is reduced 

from 18.2 and 25.0 µg/m3 on days 2 and 3 in the base case (Table 3-4) to 15.5 and 17.4 

µg/m3, respectively.  Given that the initial condition is 14.7 µg/m3, the production of 

secondary PM is greatly reduced when the VOC emissions are halved.  Particulate 

ammonium, which neutralizes particulate nitrate, is also reduced (24-hour average 

concentrations are 5.8 and 6.6 µg/m3 on days 2 and 3, respectively; down from the base 

case values of 6.6 and 8.8 µg/m3, respectively). 

 Figure 4-2 shows that, as in the base case, NH3 is abundant in the system relative 

to HNO3.  In fact, the gaseous concentrations of HNO3 are lower in this sensitivity 

simulation than in the base case.  The general features of Figure 4-1 are quite similar to 

those of the base case (Figure 3-4).  O3 concentrations are lower (maximum O3 

concentrations reduced from 24 and 28 ppb on days 2 and 3 in the base case to about 20 

ppb in this sensitivity simulation), and NOx concentrations are generally higher, 

consistent with slower chemical removal of NOx by oxidation.  Because of lower 

oxidation rates, NO2, the nitrogen-containing reagent in Reactions 1 and 2, is always 

more abundant in the 50% VOC simulation than in the base case.  The reduction in PM is 

therefore caused by the limited availability of oxidants, OH and O3.  Figures 4-3 and 4-4 

compare the concentrations of OH, O3, and N2O5 between the base case and the 50% 

VOC reduction case.  A 50% reduction of VOC emissions reduces OH and O3 
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Figure 4-1. Sensitivity Simulation, 50% VOC Reduction: O3, NO, and NO2 

Concentrations. 
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Figure 4-2. Sensitivity Case with 50% VOC Reductions: PM Ammonium and Nitrate, 

and Gaseous NH3 and HNO3 Concentrations. 
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Figure 4-3. Comparison of OH Concentrations Simulated in the Base Case and the 50% 

VOC Reduction Case. 
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Figure 4-4. Comparison of O3 and N2O5 Concentrations Simulated in the Base Case 

and the 50% VOC Reduction Case. 
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concentrations by as much as 28%.  The resulting N2O5 concentrations are more than 

proportionately reduced, and consequently, the rate of HNO3 production by this pathway 

is considerably reduced.  Since the N2O5 route contributes significantly to the production 

of HNO3 in the base case, PM nitrate is similarly reduced.  The change in the relative 

importance of Reaction 1 vs. Reactions 2-4 is reflected in the difference in the PM nitrate 

build-up pattern between the base case and the 50% VOC case.  The base case shows a 

relatively small increase in the nitrate concentrations following the day-time minimum 

that resulted from the entrainment of cleaner air, followed by a substantial increase in PM 

nitrate after sunset.  In the reduced VOC case, PM nitrate increased gradually from mid 

morning to the mid afternoon due to the NO2 + OH reaction.  On the other hand, little 

nitrate formation takes place at night because, by sunset, O3 has been nearly depleted; 

therefore, the N2O5 pathway for nitrate formation (which depends on O3) is negligible in 

this case.  This is a major difference from the base case. 

 

4.2 NOx Emission Reduction 

 

 The results of the 50% NOx emission reduction case are presented in Figures 4-5 

through 4-8.  Figure 4-5 shows the dynamics of O3 and NOx.  As is quite frequently the 

case with VOC-sensitive regimes, reducing NOx actually increases the formation of O3 

because less NO is available to titrate O3.  The maximum O3 concentrations are 31 and 43 

ppb on days 2 and 3, higher than those observed in the San Joaquin Valley in the 

wintertime.  The night-time NO2 concentrations decreased from 40 ppb in the base case 

to 27 and 22 ppb on the first two nights.  NO concentrations are also low, even during the 

morning rush hour. 

 Despite the lower concentrations of NOx, more PM nitrate is formed, as shown in 

Figure 4-6.  Twenty-four hour average PM nitrate concentrations rose from 23.8 to 34.4 

from day 2 to day 3, a 30% increase over the base case values.  Although this result 

seems counter-intuitive, it is easily explained if one considers the dynamics of the VOC-

sensitive chemistry. 

The NO2 concentrations are always higher in the base case than in the sensitivity 

case.  As shown in Figure 4-7, the concentration of OH radicals during the day is about 
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Figure 4-5. Sensitivity Simulation, 50% NOx Reduction: O3, NO, and NO2 

Concentrations. 
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Figure 4-6. Sensitivity Case with 50% NOx Reductions: PM Ammonium and Nitrate, 

and Gaseous NH3 and HNO3 Concentrations. 

 

0.00E+00

2.00E-03

4.00E-03

6.00E-03

8.00E-03

1.00E-02

1.20E-02

1.40E-02

1.60E-02

1.80E-02

2.00E-02

0 24 48 72

Hour

PM
, N

H
3 

(p
pm

)

0.00E+00

2.00E-04

4.00E-04

6.00E-04

8.00E-04

1.00E-03

1.20E-03

1.40E-03

1.60E-03

1.80E-03

2.00E-03

H
N

O
3 

(p
pm

)

ammonium
nitrate

NH3

HNO3



Sensitivity of PM Nitrate Formation to Precursor Emissions in the California San Joaquin Valley 4-9

 

 

Figure 4-7. Comparison of OH Concentrations Simulated in the Base Case and the 50% 

NOx Reduction Case. 

0.0E+00

1.0E-08

2.0E-08

3.0E-08

4.0E-08

5.0E-08

6.0E-08

0 24 48 72

Hour

C
on

ce
nt

ra
tio

n 
(p

pm
)

base case OH

50% NOx case OH



Sensitivity of PM Nitrate Formation to Precursor Emissions in the California San Joaquin Valley 4-10

 

 

Figure 4-8. Comparison of O3 and N2O5 Concentrations Simulated in the Base Case and 

the 50% NOx Reduction Case. 
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30% higher in the 50% NOx reduction case than in the base case.  The increase in the 

radical concentration occurs because less NOx is available for oxidation.  As shown in 

Figure 4-6, daytime formation of HNO3 increased slightly with respect to the base case 

because the decrease in NO2 concentrations (Figure 4-5) is compensated by the increase 

in OH concentrations (Figure 4-7).  The concentration of N2O5 is about 50% higher in the 

evening compared to the base case.  In the previous section, we have shown that a 

decrease in O3 results in a more than linear reduction in N2O5.  The converse is also true, 

because the increase in O3 in the reduced NOx simulation relative to the base case triggers 

a more than linear increase in N2O5 in the evening (Figure 4-8).  Indeed, significant PM 

nitrate formation is observed at night, indicating the importance of the N2O5 pathway in 

this system.  The midnight increase of gaseous HNO3 on the last day follows a depletion 

of NH3, which is converted to particulate ammonium to neutralize the particulate nitrate.  

Once NH3 is depleted, the pH of the droplet quickly drops (to 1.2 at the conclusion of the 

simulation), preventing further partitioning of HNO3 from the gas phase into the particles. 
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5. PHOTOCHEMICAL INDICATORS 

 

5.1 Sensitivity of Oxidant Production to Precursors 

 

Several photochemical indicators have been proposed to determine the sensitivity 

of oxidants to VOC vs. NOx.  These indicators include H2O2/HNO3, NOy, HCHO/NOy, 

O3/(NOy – NOx) and (NOy – NOx)/NOy (Sillman, 1995; Lu and Chang, 1998).  Although 

the use of indicators is well accepted for the analysis of summer O3, the approach has not 

been evaluated for winter conditions.  The box model results were analyzed in terms of 

the concentrations of the indicators listed above to determine if any of the indicator 

species correlate well with the sensitivity of oxidants to the precursors. 

Lu and Chang (1998) proposed numerical criteria for the above photochemical 

indicators, that characterize the threshold between VOC-sensitive and NOx-sensitive 

regimes (see Table 5-1).  The ratio H2O2/HNO3 represents the competition of the HO2 

radical termination product (H2O2 dominant when VOC is abundant or NOx-sensitive) 

and the OH + NO2 termination product (HNO3 dominant in VOC-sensitive chemistry).  

Since HNO3 partitions between the gas and particle phases, it is logical to include PM 

nitrate and HNO3 together in the denominator of the ratio.  NOy is total oxidized nitrogen 

(except N2O).  The higher the NOy concentrations, the more VOC-sensitive the oxidant 

system.  HCHO is an oxidation product of VOC, higher HCHO relative to NOy indicates 

VOC abundance and NOx sensitivity.  (NOy – NOx) is a measure of the amount of NOx 

oxidation products (HNO3, HNO2, PAN, etc.).  The ratio of O3 and (NOy – NOx) is an 

indication of the chain length of the radical reaction, i.e., the propagation reactions that 

produce O3 vs. the termination reactions that remove radicals and NOx from the system.  

Higher ratios mean more NO-to-NO2 conversions for each termination, and an abundance 

of radicals.  Therefore, lower ratios indicate VOC sensitivity (NOx abundance).  The ratio 

of (NOy – NOx) to NOy indicates the aging of NOx emissions, and is anti-correlated with 

NOy. 

O3 was found to decrease with decreasing VOC and increase with decreasing 

NOx, and is, therefore, VOC sensitive.  The indicator ratios/species as a function of time 

are presented in Figures 5-1 through 5-5.  Our simulations show that for the VOC-
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Table 5-1.  Indicator Thresholds and San Joaquin Valley Simulation Results. 

 

Indicator Species Threshold               
(Lu and Chang, 1998) 

San Joaquin Valley 
Winter Simulation 

H2O2/HNO3 or 
H2O2/(HNO3 + PM nitrate) 

0.9 H2O2/HNO3 ratio less than 
0.9 except at night, but 
H2O2/(HNO3 + PM nitrate) 
always substantially less 
than 0.9 

NOy 4.5 ppb NOy > 40 ppb at all times 

HCHO/NOy 0.6 HCHO/NOy is around 0.2, 
because of the abundance 
of NOy 

O3/(NOy – NOx) 27.5 O3/(NOy – NOx) < 3.5 
because O3 is typically 
quite low 

(NOy – NOx)/NOy 0.55 (NOy - NOx)/NOy ratio less 
than 0.3 throughout 
simulation 
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Figure 5-1. H2O2/HNO3 and H2O2/Total Nitrate as a Function of Time. 
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Figure 5-2. NOy as a Function of Time. 
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Figure 5-3. HCHO/NOy as a Function of Time. 
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Figure 5-4. O3/(NOy – NOx) as a Function of Time. 
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Figure 5-5. (NOy – NOx)/NOx as a Function of Time. 
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sensitive base case, H2O2/total nitrate is lower than the threshold value of 0.9, NOy is 

higher than the threshold value of 4.5 ppb, HCHO/NOy is lower than 0.6, O3/(NOy - NOx) 

is lower than 27.3, and (NOy - NOx)/NOy is lower than 0.55.  These findings are 

consistent with the summertime model study performed by Lu and Chang using the three-

dimensional model SAQM.  Further simulations would be required to test whether the 

numerical thresholds used by Lu and Chang for summertime conditions hold for 

wintertime conditions as well. 

 

5.2 Sensitivity of PM Nitrate Production to Precursors 

 

The indicator species proposed by Lu and Chang are consistent with the fact that 

our box model simulations point to oxidant concentrations being VOC-sensitive.  This 

result was further extended in our simulations to the fact that inorganic nitrate production 

(i.e., HNO3) is also VOC-sensitive.  We can now explore whether our results for the 

sensitivity of PM nitrate formation from its precursors, HNO3 and NH3, are consistent 

with the generic analysis conducted by Ansari and Pandis (1998).  Ansari and Pandis 

defined five variables that govern the inorganic PM formation system: 

 

• = Free ammonia (NH3
F) which is equal to (total ammonia – (2 x sulfate)), i.e., 

ammonia available to neutralize HNO3 

• = Total inorganic nitrate (HNO3
T) which is the sum of gaseous and particulate 

inorganic nitrate. 

• = Gas ratio which is defined as [NH3
F]/[HNO3

T] 

• = Temperature 

• = Relative humidity 

 

Using these variables, Ansari and Pandis categorized the results of their model 

simulations into three regimes: (1) no response of inorganic PM to precursor, (2) 

nonlinear response, and (3) very sensitive response. 

 The values of these variables for the IMS95 box model simulations are 

summarized in Table 5-2.  According to Figure 7 of Ansari and Pandis (1998), PM
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Table 5-2. Range of PM Sensitivity Variables for IMS95 (based on base case 

simulation results, see Section 3). 

 

Sensitivity Variables Range of Values 

NH3
F 9 to 25 ppb 

HNO3
T 5 to 14 ppb 

GR 1.3 to 3.9 

Temperature 279 to 289 K (low) 

RH 65 to 95% (high) 
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concentrations should be very sensitive to a change in HNO3 concentrations.  This result 

is consistent with our simulation results.  Furthermore, Figure 5 of Ansari and Pandis 

(1998) indicates that wintertime PM concentrations should not be sensitive to NH3 

concentrations. 
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6. CONCLUSIONS 

 

A box model was developed and used to investigate the response of PM nitrate to 

reductions in precursor emissions.  The formation of nitric acid and particulate nitrate 

was found to be sensitive to oxidants and to VOC emissions.  In fact, a decrease in NOx 

emissions leads to an increase in PM due primarily to an increase in O3 concentrations. 

 Our model simulations point to the fact that PM formation in the San Joaquin 

Valley during winter is HNO3-sensitive, that HNO3 formation is oxidant-sensitive, and 

that oxidant formation is VOC-sensitive.  The conclusion that PM formation is HNO3-

sensitive is also obtained if one uses the generic analysis of Ansari and Pandis (1998).  

The indicator species of Lu and Chang (1998), although developed for summertime 

conditions, also indicate that oxidant formation is VOC-sensitive. 

 It should be noted that the box model represents some domain-averaged chemistry 

but cannot characterize the locally specific chemical regimes.  Further work should 

extend this box model analysis to a three-dimensional modeling study so that the 

transport processes can be simulated and spatial variability within the valley can be 

addressed. 
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